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Abstract 
 
 
Catalytic mechanism of acetic and isobutyric acids mixture conversion into two symmetrical and 
one cross-ketone product on monoclinic zirconia (111 ) surface was extensively modeled by Density 
Functional Theory for periodic structures. Several options were evaluated for each mechanistic step by 
calculating their reaction rate constants. The best option for each kinetically relevant step was chosen 
by matching calculated rates of reaction with experimental values. 
Four zirconium surface atoms define each catalytic site. The most favorable pathway includes 
condensation between surface carboxylates, one of which is enolized through alpha-hydrogen 
abstraction by lattice oxygen. Condensation of gas phase molecules with the enolized carboxylate on 
surface is less attainable. 
The kinetic scheme considers all steps being reversible, except for decarboxylation. The equilibrium 
constant of the enolization step and the rate constant of the condensation step define the global 
reaction rate for non-bulky acetic acid. For bulky isobutyric acid, decarboxylation step is added to the 
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kinetic scheme as kinetically significant, while hydrocarbonate departure may also compete with the 
decarboxylation. Electronic and steric effect of alkyl substituents on the decarboxylation step is 
disclosed.  
The cross-selectivity is controlled by both condensation and decarboxylation steps. None of the 
mechanistic steps require metal oxide to be reducible/oxidizable. 
 
Keywords:  monoclinic zirconium oxide, decarboxylative ketonization, beta-keto acid, decarboxylation, 
reaction mechanism 
 
 
 
1. Introduction 
 
Decarboxylative ketonization of carboxylic acids, also called ketonic decarboxylation, is one of the 
few reactions of classic organic chemistry with a mechanism that has remained in the active debating 
status for more than a century since the appearance of the first mechanistic study in 1910 [1], [2], [3], 
[4], [5], [6]. In this reaction, two molecules of carboxylic acids are combined into one molecule of ketone 
releasing one molecule of water and one molecule of carbon dioxide [4], [5]. Ketonic decarboxylation 
has been remaining an important industrial reaction for quite a long time since the first commercial 
manufacture of acetone in 1888 [7]. Attention to this reaction has been boosted recently by its potential 
application for the renewable biofuel production [8], [9]. Conversion of carboxylic acids to ketones helps 
to upgrade fuel from light to heavy fractions and to save hydrogen required to deoxygenate feedstock 
simply by removing oxygen in the form of carbon dioxide. 
In the fine chemicals industry, the catalytic version of the decarboxylative ketonization of carboxylic 
acids has been long utilized for the production of aliphatic, aromatic and cyclic ketones. Acyclic 
symmetrical ketones can be produced in good yields from two equivalents of the same carboxylic acid, 
while a dicarboxylic acid can produce one equivalent of a cyclic ketone [4]. The decarboxylative 
ketonization method is particularly useful for the construction of unsymmetrical ketones from a mixture 
of two carboxylic acids [10], [11], [12], [13]. Two symmetrical ketones inevitably produced in that 
process have to be wasted in some cases. Therefore, understanding the reaction mechanism and 
improving the cross-selectivity is vital for the most economical industrial production of unsymmetrical 
ketones [13], [14], [15], [16]. 
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In our previous studies, we have suggested to distinguish sources of the two alkyl groups attached 
to the carbonyl group of a ketone product  [17]. One of them originates from the acid losing CO2 while 
the other one is part of the acyl group going into ketone. We described these two building blocks of a 
ketone product as the enolic and carbonyl components condensing in agreement with the currently 
most accepted  mechanism via beta-keto acid formation [2]. We also suggested that the enolization of 
surface carboxylates may be the process responsible for the activation of the enolic component, which 
is similar to the activation step required for other types of carbonyl compounds condensation such as 
the aldol or Claisen condensation  [18]. The concept of enolization was introduced as an alternative to 
the previously popular concept of the “surface ketene” formation. A complete mechanism of ketonic 
decarboxylation based on the enolization was computationally studied by Pulido et al. for the ( 111 ) 
surface of monoclinic zirconia catalyst and found to be more satisfying than the alternative concerted 
mechanism [19]. 
In search of the rate determining step (RDS) we have initially ruled out the enolization step as 
possible RDS [17]. Because two competitive reactions sharing the same enolic component in cross-
ketonization had quite different apparent activation energies, we assumed that they cannot share the 
same RDS, or their activation energies would be similar. DFT computations confirmed the same 
conclusion that the electronic activation energy for the enolization is not the highest among the 
sequence of the mechanistic steps [19]. However, like in any literature at that time, we were 
inaccurately viewing enolization as a unidirectional process. The insight coming from the energy profile 
of the enolization of surface carboxylates and its reversibility makes it evident that the concentration 
of the active enolic component on surfaces is likely to be controlled by the thermodynamic equilibrium. 
Because of their significantly higher energies, the enolized structures must be disfavored by the 
equilibrium, and their surface concentration must be very low. As a consequence of the equilibration 
under thermodynamic control, enolization of carboxylates on surfaces is a critical gate step that limits 
the rate of all subsequent steps as well as the global reaction rate of decarboxylative ketonization [13]. 
Under this assumption, the slowest one of the post-enolization steps still may be qualified as the RDS, 
as proposed during the early kinetic study [17].  
We have previously reported how the selectivity of the industrially important reaction leading to 
the cross-ketone vs. two symmetrical ketones depends on the catalyst type, temperature and molar 
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ratio of two acids. It can also significantly deviate from the binomial distribution in both the positive 
and negative direction depending on the above factors [13]. The criterion for a high cross-selectivity 
requires splitting the roles of two acids, i.e. one of the acids to be more reactive as the enolic 
component, while the other one as the carbonyl component. The initial goal of the present study was 
to model various steps of the currently most accepted ketonization mechanism at a molecular level to 
examine any possible differentiation of the acids’ reactivity depending on their branching. In contrast 
to some other studies also devoted to the mechanism of the decarboxylative ketonization reaction [5], 
[20], we wish to describe a reaction mechanism with the help of DFT modeling as a set of clearly defined 
and interconnected elementary steps. 
Out of the two most important surfaces of monoclinic zirconia, the authors of the previous study of 
the mechanism on monoclinic zirconia have chosen the ( 111 ) surface, probably, because of its lower 
activation energy barrier for the enolization step compared to the (111 ) surface. However, in view of 
the thermodynamic control of enolization, the ( 111 ) surface of monoclinic zirconia may not be the most 
catalytically active surface for the decarboxylative ketonization. The DFT electronic energy of the 
enolized acetate using PBE functional is higher on ( 111 ) than on (111 ) surface, 20 kcal/mol vs. 15 
kcal/mol, while the energy barrier for the reverse reaction, i.e. protonation of the enolized acetate, is 
much smaller on the ( 111 ) surface, 5 kcal/mol, compared to 14 kcal/mol on the (111 ) surface [18]. 
Therefore, the (111 ) surface of monoclinic zirconia is expected to have higher stability and 
concentration of enolized carboxylates, and it has been chosen for our detailed mechanistic study. 
The key step of the mechanism for which the decarboxylative ketonization reaction received its 
name is the loss of CO2. Decarboxylation of beta-keto acids, by itself, is an important reaction in 
connection with catalysis by enzymes, the mechanism of which has been debated for almost a century 
[21,22]. The reaction has been extensively studied in a solution [23–27], and in the gas phase [28]. 
However, there are no systematic studies reported in literature on the heterogeneous catalytic version 
of the beta-keto acids decarboxylation, to the best of our knowledge. It is not clear whether this step 
can benefit by taking place on metal oxide catalysts, and what could be the role of the catalyst? A 
possibility of an inhibition of beta-keto acids decarboxylation by metal oxide surface, instead of its 
acceleration, cannot be excluded a priori. It seems appropriate to summarize the key concepts for the 
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decarboxylation in solution and in the gas phase which might also become applicable for the reaction 
on surfaces. 
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Scheme 1. Generalization of decarboxylation of various types of carboxylic acids with a positive beta 
carbon atom. 
  
A common feature accelerating decarboxylation of a wide variety of carboxylic acids I (Scheme 1) is 
the presence of a positive charge on the beta atom Y at some point of the reaction mechanism, which 
serves as an electron sink able to stabilize the negative charge developing on the alpha atom X 
(structure II, Scheme 1). Specific examples of molecules of a common type I undergoing 
decarboxylation include beta-gamma unsaturated carboxylic acids III, beta-keto acids IV, and imines V 
derived from beta-keto acids and primary amines. Decarboxylation of V is accelerated because of a 
higher basicity of the imine nitrogen compared to the carbonyl oxygen, and consequently, a higher 
chance for the beta carbon to be positively charged under the same pH of the solution. An interesting 
example is a facile decarboxylation of structure VI, which is formed by the nucleophilic addition of 
thiamine fragment in enzymes to an alpha keto acid [21,22]. Without thiamine catalysis, alpha keto 
acids are completely stable even at high temperatures, in a dramatic difference to beta-keto acids 
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behavior, but can release CO2 catalytically by enzymes or in solutions through the formation of the type 
VI structures. Decomposition of salicylic, as well as carbonic, acid and alkyl carbonates VII, also falls into 
the same general type II with a positive charge on the beta atom (Scheme 1). 
Guthrie in his No Barrier Theory analysis of the beta-keto acids decarboxylation has discussed the 
most energy demanding electronic and structural changes required to occur when going through the 
transition state [23,27]. They include stretching C-C bond, changing hybridization of the carboxylic 
carbon from sp2 to sp, that of the alpha carbon from sp3 to sp2, and transferring the proton. While the 
first three changes are not disputed, the timing of the proton transfer differentiates the concerted 
mechanism [24,26] from the one going via a zwitterion [23,29] and it is the subject of a decades-long 
discussion in literature [23–27].  
Each part of the proton transfer, i.e. its removal from the carboxyl group, as well as its addition to 
the carbonyl group, makes its own contribution to the reaction progress. Moreover, it seems that both 
parts of the proton transfer are absolutely required for the decarboxylation reaction to proceed. 
However, because of the higher basicity of the carboxylate vs. carbonyl oxygen, the zwitterion is 
disfavored by the thermodynamic equilibrium, and it is hard to achieve both tasks of the proton transfer 
just by changing the pH of the solution. While increasing acidity helps to protonate the carbonyl, at the 
same time, it places proton back to the carboxyl. This could be a possible explanation for the fact that 
the acid catalysis for the decarboxylation of beta-keto acids is not observed [30]; although, it is essential 
for the decarboxylation of salicylic acids [31], possibly, because a common structure II in the latter case 
can be produced by the protonation of aromatic ring. On the higher end of the pH scale, alkalinity helps 
to deprotonate carboxyl hydrogen, but at the same time, it makes protonation of the ketone carbonyl 
more difficult. Decarboxylation of anions proceeds slower compared to their parent neutral beta-keto 
acids despite the fact that the activation energies for both cases are almost identical [32]. A large 
negative entropy of activation in case of beta-keto carboxylates was found to be responsible for 
decreasing reaction rates, and it was explained by a structural reorganization of solvent molecules in 
forming the transition state for carboxyl anions [32]. However, in view of the recent results for the 
enzymatic catalysis of decarboxylation reactions summarized by Kluger [21], it might be possible that 
the mechanism in strongly basic solutions is completely changing from the departure of neutral CO2 to 
the departure of hydrogen carbonate anion. This alternative mechanism assumes preliminary hydration 
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of the carboxyl group prior to the decarboxylation, which would be consistent with a large negative 
entropy change. Kluger has also pointed to the fact that CO2 is a strong electrophile, and it may readily 
come back to react with the strongly nucleophilic enol. By avoiding decarboxylation via CO2 departure, 
enzymes can dramatically accelerate reaction rates because hydrogen carbonate is much less 
electrophilic and less likely to reattach itself to the enol. There is a possibility for the decarboxylation to 
be reversible and for the global reaction rate to be controlled by the equilibrium. While it was not 
unreasonable to consider the reversibility and equilibrium of decarboxylation in enzymes, where the 
spacing is tight, the question of its importance at high temperature conditions on metal oxides during 
heterogeneous catalysis remains open. 
The central question of our study, selectivity of the cross-ketonization vs. formation of symmetrical 
ketones, results from the relative rates of either formation or decomposition of the four possible 
intermediate beta-keto acids. These intermediates are different from each other only by the position 
of alkyl substituents. Our goal was to identify the electronic and steric effect of alkyl substituents on 
the rate of beta-keto acids decarboxylation in the gas phase and on surface. We were also set to 
compare various decarboxylation models with the departure of hydrocarbonate. 
 
2. Computational methods 
 
 The ab initio calculations were performed using software programs from Dassault Systèmes 
Biovia Corp. and Gaussian-09. Density functional theory (DFT) calculations for periodic structures were 
performed with the DMol3 program, and graphical displays generated with Materials Studio [33]. 
Electron exchange and correlation were described by the generalized gradient approximation (GGA) 
based on the work of Perdew et al. using PBE functional [34]. 
 The bulk structure was built based on the initial lattice parameters published for monoclinic 
zirconia [35] with P21/c symmetry and adjusted by computing and minimizing its energy. The minimum 
energy was obtained for the lattice lengths parameters increased by 3.2%, resulting in a = 0.52156 
nm, b = 0.52412 nm, c= 0.53918 nm. 
Periodic slab geometry was used to model zirconia surfaces adopting previously used models [36], 
[37], [18]. The ( 111 ) and (111 ) surfaces were cleaved to a depth of ~12 Å. A supercell was constructed 
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of 16 zirconium atoms and 32 oxygen atoms for ( 111 ), and (111 ) monoclinic zirconia surfaces. The 
choice of the supercell size with one molecule of carboxylic acid adsorbed on it provides an acid surface 
concentration 2.0 molecules/nm2, which is dictated by the experimental values of acetic and isobutyric 
acid concentrations on a monoclinic zirconia surface in the range 1-3 molecules/nm2 determined by 
chemisorption method within the temperature range 300-200 °C, respectively [13]. To ensure the 
absence of the adsorbed molecules interaction with the next layer, a vacuum slab of a 20 Å in thickness 
was built above the surface and found sufficient by comparing the total energy and bond lengths of 
adsorbed isobutyric acid, i.e. the largest acid, at vacuum thickness values of 10, 15 and 20 Å until their 
changes become negligible. The top three surface layers, consisting of twelve ZrO2 units, were allowed 
to relax, while the bottom layer of four ZrO2 was constrained (as shown on Fig. 1a). Energy minimization 
was performed for the obtained supercell by density functional calculations using the double numerical 
plus polarization basis set. Core electron treatment included all electron relativistic options. All 
calculations were performed spin restricted. A real space cutoff of 4.6 Å and a k-point sampling spacing 
of 0.05 Å-1 were used. SCF density convergence, optimization energy convergence, and gradient 
convergence were set to 0.00001, 0.00002, and 0.004 a.u., respectively. The same method was utilized 
for energy minimizations, TS searches, optimizations, confirmations, and frequency calculations 
throughout the whole study. 
 Transition states were found using the improved tangent algorithm for the nudged elastic band 
method [38], and their geometry was subsequently refined, i.e. each TS structure was optimized to its 
minimum according to all the coordinates (positive frequencies) and to its maximum with respect to 
the reaction coordinate (negative frequency).  Frequency calculations were used to characterize each 
TS as a first-order saddle point with only one imaginary frequency. 
Calculations for the decarboxylation of single molecules in gas phase were performed by using 
exactly the same DFT method with the DMOL3 program as for the periodic structures described above 
and, then, with the Gaussian-09 program. Geometries were fully optimized first by DFT method within 
Gaussian-09 using the same GGA-PBE functional as with DMOL3 and 6-311++G(d,p) basis set and, then, 
refined at the MP2(Full)/6-311++G(d,p) level of theory. For the reactants, products, and TS structures 
optimized at the MP2 level, single point calculations were carried out at the MP4SDTQ(Full)/6-
311++G(d,p) level of theory to improve electron correlation.  
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Visual inspection of the direction of the imaginary frequency vibration was used to verify that 
each TS connects the reactant and the product. In the example of the least substituted keto acid, 
acetoacetic acid, the decarboxylation path was also followed using the intrinsic reaction coordinate 
(IRC) procedure [39]. 
The NBO version 3.1 program supplied with the Gaussian-09 was used to evaluate delocalization 
in reactants and TS due to the hyper conjugative interactions of molecular fragments.  
Thermodynamic quantities were computed from vibrational frequency calculations at the same 
level of theory as used for geometry optimizations. Frequencies were scaled by a factor of 0.90 with no 
tunneling effect applied. 
 
3. Results and discussion 
 
 
Our strategy to model currently the most accepted cross-ketonization mechanism via beta-
ketoacids formation and their subsequent decarboxylation has the following elements. First, we used 
the simplest acid, acetic acid, to find as many reasonable variations of each elementary step as possible. 
The elementary steps that we considered are acid adsorption on the surface, 1a-d, enolization 1a-d  
3a-d, condensation to form C-C bond 3a-d  5a-d, dehydration 6a-d  8a-d, and hydration, beta-
ketoacid decarboxylation 8a-d  10a-d, protonation of enolized acids and ketones, desorption of 
products and intermediates, or their replacement on the surface assisted by reactants adsorption. After 
the most energetically favored route had been identified by comparing electronic energies, a mixture 
of two acids, acetic and isobutyric, was used in four combinations to study formation of one cross-
ketone represented by structures a or b, and of the two symmetrical ketones represented by structures 
c and d along the selected route (Scheme 2, Fig. 1-2). The series of structures a and b on Scheme 2 
represent formation of the same cross-ketone by two different paths, “a” and “b”. The DFT electronic 
energy and the free energy profiles of the most favorable catalytic cycle through beta-keto acids 
formation and decarboxylation are shown on Fig. 3a and 3c, respectively. Those other options, found 
to be less favored for the enolization and condensation steps, as well as for the loss of CO2, are 
combined into Scheme 3 and their respective electronic and free energies are shown in Fig. 3b and 3d. 
Electronic and activation energies for the elementary steps on Schemes 2 and 3 are summarized in Table 
1. Structures 6-8 are shared and used by both Schemes 2 and 3. 
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Scheme 2. Most favorable route for the decarboxylative cross-ketonization mechanism via beta-
ketoacid formation [13] on the (111 ) monoclinic zirconia surface. Catalytic cycle for a pair of two acids 
is shown with four possible combinations of acids leading to four (three unique) ketone products 11a-
d through enolization, condensation, dehydration, decarboxylation, and product desorption – acid 
readsorption steps. 
 
When frequency calculations were performed, the reaction rate constants for each step and the 
free energy profiles for paths “a” – “d” were obtained according to the simple transition state theory 
(Table 2). Selection of the most favorable option for each step was done based on the calculated rate 
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constants and by matching the calculated order of reactivity for paths “a”-“d” with the experimental 
one. Kinetically relevant steps were identified and the obtained data were used for the kinetic analysis 
of the cross-selectivity (section 3.5). The free energy profile of the most favorable mechanism (Fig 3b) 
suggested that the condensation step becomes the rate limiting at high temperatures, particularly, for 
unsubstituted acetic acid. The decarboxylation step still remains kinetically relevant together with the 
condensation step for the conversion of the more branched acid by path “d”. For this reason, we made 
a great effort to understand electronic and steric factors governing decarboxylation by comparing 
reactions in the gas phase and on surface (section 3.3). The resulting kinetic model explaining cross-
selectivity has been brought into agreement with the experimental data. 
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Scheme 3. Combination of the alternative steps for the cross-ketonization mechanism found to be 
less favorable: step 2*, condensation of the enolized surface carboxylate with carboxylic acid weakly 
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adsorbed on surface through hydrogen bonding, and steps 4*-5*, alternative to the loss of CO2, 
proceeding via hydration of carboxyl group and departure of hydrogen carbonate instead of CO2. 
 
 
3.1. Adsorption of acids and enolization of surface carboxylates 
Our previous study of carboxylic acids adsorption and enolization on the most important surfaces 
of monoclinic zirconia suggested a kinetically faster abstraction of alpha protons on ( 111 ) surface 
compared to that on a (111 ) surface, leading, however, to thermodynamically less stable enolized 
carboxylates on a ( 111 ) surface vs. a (111 ) surface [18]. In view of the thermodynamic control for the 
enolization part of the ketonization mechanism, the (111 ) surface becomes more important for the 
decarboxylative ketonization mechanism because it can provide higher concentration of the enolized 
carboxylates. 
The size of the supercell was chosen so as to represent the size of the surface area required for the 
adsorption of one molecule of carboxylic acid according to the experimental values of acids 
concentration on a zirconia surface, which is 1-3 molecules nm-2, at the reaction temperatures 200-300 
°C [13]. There were no close steric contacts found between molecules adsorbed on neighboring periodic 
cells, with some exceptions for the path “d” representing the reaction between two isobutyric acids. 
The threshold for considering close contacts was arbitrarily set up to 3.5 Å, which is smaller than most 
van der Waals distances, but larger than the average contacts in molecular crystals, 2.4 Å [40]. The few 
close contacts in series “d” were created only when adding a second bulky acid (isobutyric) from the 
gas phase close to the first one already adsorbed on the surface (Fig. 1h, 2h). Despite increasing 
evidence for their importance on metal surfaces [41,42], intermolecular dispersive interactions were 
not included in calculations because of their negligible role on the energy profile of the decarboxylative 
ketonization mechanism on monoclinic zirconia found in a similar study [19]. This was also shown to be 
the case in our study by benchmarking the rate limiting step for the two paths leading to the cross-
ketone formation, path “a” and path “b”, with long-range functionals (Supplementary Material, Fig. S5, 
Table S4). 
In addition to the previous results of acetic and isobutyric acids enolization via alpha-hydrogen 
abstraction by  2-fold coordinated (2-fc) oxygen [18], two options have been added to study effect of a 
second acid adsorbed nearby either through O-H dissociation on surface (Fig. 1a-d) or molecularly 
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through a week hydrogen bonding (Fig. 1e-h). Adsorption of one molecule of acid per chosen supercell 
is exothermic, 43.3-43.9 kcal/mol. Adsorption of the second acid in a molecular form, calculated by the 
same method, is less exothermic contributing only 15.1-18.2 kcal/mol additional energy to the total 
59.0-61.5 kcal/mol stabilization energy as the starting level of the catalytic cycle (Table 1, Scheme 3). 
Thus, the weakly adsorbed molecule has more flexibility to move, and it represents the gas phase acid 
approaching the surface for the condensation with the enolate. The presence of the second acid, in this 
case, has a negligible effect on the activation and reaction energies of the first acid’s enolization on 
surface (Tables 1 and 2) compared to the previously reported values without it [18].  
The negative frequency vibration of the TS for hydrogen abstraction is shown in Videos 1e-h of the 
online version of this article. Transition state structures capture proton movement between alpha 
carbon and the lattice oxygen according to the rule of a linear arrangement of donor-proton-acceptor 
for the most efficient proton transfer [43].  
Dissociative adsorption of the second acid takes place in the preparation for the condensation 
between surface species according to the Scheme 2 and it is stronger. The energy of the second acid 
adsorption, about 27 kcal/mol, adds up to make the total value of adsorption energy per two acids, 
70.1-71.5 kcal/mol. Alpha hydrogen abstraction in this case is performed by another 2-fc lattice oxygen 
(Fig. 1a-d), also in a linear motion (Videos 1a-d). Electronic energies of reaction and activation for the 
enolization are uniform across all paths (Table 1) and are lower for Scheme 2 vs. Scheme 3 which helps 
enolization to proceed easier by Scheme 2. In part, it is because the arrangement of two carboxylic acids 
on surface is above the experimental equilibrium concentration creating a high energy starting point 
for the enolization. Enolization of isobutyric acid is slightly more facile compared to acetic acid because 
of higher stability of the more substituted double bond. 
Next, we explored factors that could compromise the stability of the surface enolates. Because 
enolates are not only strong nucleophiles, but also strong bases, they can easily become protonated 
back to carboxylates. In such competition, protonation is faster compared to the attack by the carbonyl 
component. In addition to the reverse enolization steps 1 and 1*, which can be classified as a 
protonation by the surface OH group with the electronic energy of activation 10-15 kcal/mol (Scheme 
2), and 15-18 kcal/mol (Scheme 3), several cases of surface enolates protonation by molecules of water 
and acetic acid adsorbed on surface, as well as approaching from gas phase, were tested (structures S1-
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S6, Fig. S1 in the Supplementary Material). It was found that the enolized carboxylates can be destroyed 
quite easily, and most likely by the water adsorbed nearby on surface with a very low electronic energy 
barrier, in this case, only 1.9 kcal/mol. These results explain the experimental observation of the 
inhibition of the decarboxylative ketonization reaction rate by water and carboxylic acids which are 
shifting the enolization equilibrium back toward carboxylates. 
While the same factors controlling enolates stability as stated above could be applied to many other 
metal oxide surfaces, one particular reason for a higher stability of enolized carboxylates on a (111 ) 
surface vs. a ( 111 ) surface of monoclinic zirconia deserves attention. Immediately after the hydrogen 
abstraction by the lattice oxygen on the (111 ) surface, the abstracted proton is moving to the 
carboxylate oxygen due to hydrogen bonding and placing itself out of the straight line which connects 
the lattice oxygen, the proton, and the alpha-carbon in the transition state. Hydrogen bonding lowers 
the energy of the product and results in an increase of the DFT activation energy of the reverse reaction, 
protonation, up to 10-18 kcal/mol. This applies mostly to Scheme 3, and to some extent to Scheme 2. 
Because the geometry of enolization on the ( 111 ) surface is different and not suitable for “hiding” the 
abstracted proton, the product of the enolization in that case is less stable. Therefore, the DFT 
activation energy for the reverse reaction on that surface is relatively low, 5 kcal/mol. 
Alternative pathways for the enolization of carboxylates may be considered for comparison when 
the role of the base is played by some molecules other than the lattice oxygen. For example, transition 
states for the protonation reactions (TS S2 and TS S5 on Fig. S1a and S1b in the Supplementary Material) 
may be shared with their reverse reaction, the enolization, according to the principle of microscopic 
reversibility. The reverse reactions representing alpha-hydrogen abstraction by a molecule of acetic 
acid coming from the gas phase (Structure S3, Fig. S1a), or by the surface OH group (Structure S6, Fig. 
S1b), have DFT activation energies 18.2 and 14.0 kcal/mol, respectively. Despite relatively low activation 
energy barriers, these enolization routes can be dismissed because they do not provide stability of the 
enolized products and because the latter can be easily protonated back to carboxylates. 
An alternative abstraction of alpha hydrogen by its own carboxylic oxygen atom acting as the base 
is proposed in literature [44], [45], however, without being supported by any data and contradicting 
conclusions of the extensive study of the keto-enol equilibrium [46]. Such enolization going through 
intramolecular 1,3-H shift does not agree with the kinetic data, and it is also ruled out computationally 
 16  
because of a prohibitively high energy barrier exceeding almost three-fold the energy barrier of 
enolization by the lattice oxygen [47]. 
Summarizing the catalytic role of zirconia and possibly of other metal oxides in the enolization of 
carboxylates, it can be concluded that lattice oxygen atoms provide the best option for abstracting alpha 
protons and moving them away from the enolate. High temperature and other factors reducing access 
to proton sources can also promote enolization by slowing down the reverse reaction. This creates an 
advantage for the enolization during heterogeneous catalysis vs. reactions in solution. Quantitative 
enolization of acids in a solution can proceed only with strong enough bases having the pKa of the 
conjugated acid well above 22-23 units. Enolization of carboxylates in aqueous solutions is 
thermodynamically limited because of the much lower basicity of hydroxyl anions by 7-8 units. 
Enolization of carboxylates on surfaces of even less basic metal oxides, such as ZrO2, becomes possible 
at elevated temperatures for both kinetic and thermodynamic reasons. The enolization equilibrium 
constant is increasing with the temperature as it will be shown below, in the section 3.5 (Table 6). 
 
3.2. Condensation 
There are two options explored in this work for the C-C bond formation. For a carboxylate enolized 
on surfaces (nucleophile, enolic component) condensation may occur with an electrophile (carbonyl 
component) coming directly from the gas phase (Scheme 3, Fig. 1e-h) or it might take place on surfaces 
between two species adsorbed next to each other (Scheme 2, Fig. 1a-d). Before starting computations, 
we considered several options for the choice of the electrophile being an acyl cation, free acid, or 
carboxylate. Gas phase acyl cation is very reactive, but unlikely to be involved in the ketonization 
mechanism because of the high enthalpy of its formation through the process of splitting water from 
protonated acetic acid, 24.6 kcal/mol [48]. In addition, a positive charge on acyl cation in the gas phase 
creates an opposite charge on surfaces. This charge separation would require an additional energy. 
Formally, a chemical adsorption of acyl cation on top of a lattice oxygen atom may restore the carboxyl 
group with the lattice oxygen being part of it. In such cases, the carbonyl component would no longer 
be called acyl cation because, structurally, it resembles carboxylate. Such possibility for the carboxylate 
to share oxygen atom with the lattice was found by DFT computations on the minor, ( 011 ), surface, but 
not on the two major, ( 111 ) and (111 ), surfaces of monoclinic zirconia [18].  
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Therefore, the first likely choice of electrophiles on surfaces are carboxylates adsorbed in the 
bridged mode, simply because they are the most abandoned species on a (111 ) surface [18] and 
because the difference in the electrophilicity among different types of carboxylates is not that 
significant [49]. The second choice is an electrophile coming directly from the gas phase or weekly 
adsorbed above the enolized carboxylate, and it may be best represented by neutral carboxylic acids, 
since acyl cation is ruled out. To begin with, both choices were explored for acetic acid, path “c”. The 
electronic energy of activation showed a clear preference for the second choice, the gas phase 
electrophile, which was selected for this reason for a comparative study between all paths, from “a” to 
“d” (Scheme 3). However, when the free energy profile for all steps was calculated, the addition of the 
gas phase electrophile was found unsatisfying for the explanation of the experimental cross-selectivity 
(section 3.5). Thus, the condensation between surface species was also fully studied for all paths “a”-
“d” (Scheme 2) and found more plausible for the explanation of the cross-selectivity. 
Here, we will explain the reasons for which the condensation of surface enolate with the gas phase 
electrophile might be less preferred despite having favorable energy path. When the gas phase 
carboxylic acid is approaching the alpha carbon of the enolized surface carboxylate in order to create a 
C-C bond it must do so carefully enough to avoid protonation of the enolized carboxylate. This can be 
done only in a very restricted motion to expose carboxyl carbon and not the proton. There is almost no 
barrier for such condensation, as the calculated electronic energy, 1.3 kcal/mol, is negligible. However, 
binding carboxyl carbon to the enolized alpha carbon has to be done in a very narrow angle path, under 
restricted rotation and vibration, to avoid protonation of the enolized carboxylate. This process must 
have a very low probability which would be even more difficult to accomplish with a temperature 
increase. For the same reason, for which carbon nucleophile does not undergo condensation with a free 
acid in solutions, because of its much faster reaction with the carboxylic proton, this should not occur 
in the gas phase, either. Therefore, a better chance for the condensation may exist when the carbonyl 
component gets stabilized on a surface through either a weak, physical, adsorption (structures 14a-d, 
Fig. 1e-h), or a strong chemical adsorption in the form of carboxylates (structures 3a-d, Fig. 1a-d). In 
either case, when a carboxylic proton is trapped, it becomes possible to avoid protonation of the 
enolate and for the condensation to proceed. In structures 14a-d, carboxylic acids are stabilized through 
physical adsorption in a shallow energy minimum, and the carboxylic proton is trapped by hydrogen 
 18  
bonding. In this case, carboxylic acids, as the carbonyl component, have to overcome a low barrier equal 
to their heat of adsorption, 15.1-18.2 kcal/mol, before they can move and condense with the enolic 
component. Even then, the problem of the enolate protonation competing with the condensation is 
still remaining. Competition to the condensation of the enolate posed by its protonation must decrease 
the effective rate of the condensation by Scheme 3 and make it even less preferred. 
Overall, the rank of reaction rates for the condensation step on Scheme 3, paths “a” > ”c” > ”b” > 
”d” (section 3.5), does not follow the order of experimentally determined rates of ketonization, “c” > 
”b” > ”a” > ”d” [17]. 
For the condensation between surface species, Scheme 2, activation energies for the addition of 
bulky nucleophiles by paths “a” and “d” are higher compared to those by Scheme 3. As a result, reaction 
rates for all paths in step 2* arrange in the same order found experimentally for global ketonization 
rates. This fact indicates that the control of the cross-selectivity might take place during the 
condensation between surface species. In addition to that, calculated rate constants and the free 
energy profile for the whole catalytic cycle (section 3.5) points to the condensation on surfaces as the 
rate determining step, at least, for paths “a”, “b”, and “c” which involve non-bulky acetic acid. 
Electrophilic carboxylates and nucleophilic enolized carboxylates condensing on a surface (Fig. 1a-
d) are uniformly aligned parallel to each other and orthogonal to the surface for all paths from “a” to 
“d”. For such consistent arrangement, the factor differentiating energy barrier is the steric effect of 
substituents, the more important of which is the steric hindrance of the nucleophilic alpha-carbon.  
Both choices for the condensation step were found to be endothermic and endergonic for all paths 
at the typical temperatures of the decarboxylative ketonization. Thus, an increasingly high possibility 
should exist for the reversal of the condensation step at high temperatures, supported by the entropy 
change being negative in the direction of condensation. In addition, we have collected an experimental 
evidence for the reversibility of the condensation step which will be provided in a separate publication. 
To complete the energy profile of the catalytic cycle, the decarboxylation step was studied next. 
 
3.3. Decarboxylation 
3.3.1. General remarks.  
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Decarboxylation of the beta-keto acid is the only step in the whole mechanistic sequence that might 
be practically irreversible under conditions of heterogeneous catalysis due to the expected large 
positive entropy change. The simplest representative of its class, acetoacetic acid, readily decomposes 
on melting at 36 °C. One of our initial goals was to find whether decarboxylation on a surface is slower 
at typical operating temperatures when compared to the condensation step. 
To understand the effect of surface on the decarboxylation of beta-keto acids, we have initially 
studied gas phase reactions as the base case by testing several models based on the ideas discussed 
above (Scheme 4, Table 3). The electronic effect of alkyl substituents on the gas phase decarboxylation 
has been identified and discussed below. When the gas phase decarboxylation models are transferred 
to the reaction on surface, the order of reactivity between paths “a”-“d” changes, possibly indicating 
presence of steric effects created by surface. 
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Scheme 4. Gas phase decarboxylation models for alkyl substituted acetoacetic acids.
  
3.3.2. Gas phase decarboxylation models.  
The experimentally known effect of alkyl substituents on the rate of beta-keto acids decarboxylation 
is limited in the literature to just one pair of acids in a solution and has not been studied in the gas 
phase. Specifically, it was found that acid 21a with two methyl groups on the alpha carbon decomposes 
in aqueous solutions at the temperature 18 °C approximately 4.5 times faster relative to the 
unsubstituted acetoacetic acid 21c [29]. This result could be used as a guiding point for computational 
studies. However, it is not clear whether this effect has steric or electronic origin, or it is simply due to 
the absence of enolizable protons in 21a. Acetoacetic acid 21c may have a lower rate of decarboxylation 
because it has a substantial fraction of the enolized form which cannot decarboxylate. 
As shown in Table 3, DFT computations, both by Gaussian and by DMOL3, systematically 
underestimate activation energies for decarboxylation of beta-keto carboxylic acids in the gas phase. 
On the other hand, literature values for the activation energy for acetoacetic acid decarboxylation 
computed at a higher level of theory, MP4SDTQ/6-31G*//MP2/6-31G*, 26.8 kcal/mol [50], and at 
MP4SDTQ(FC)/6-311++G**//MP2(Full)/6-31G**, 23.3 kcal/mol [28], are close to the experimental 
value, 23.9 kcal/mol [32]. Therefore, the above literature method was chosen to study the effect of 
alkyl substituents in the gas phase with the intent of applying the obtained knowledge to the reaction 
on surfaces.  
The first studied decarboxylation model is the concerted reaction going from 21a-d to 23a-d through 
the six-membered transition state 22a-d (Scheme 4, Fig. 4). For this model, the activation energy is 
decreasing with the increased degree of alkyl substitution (Table 2). This trend is in agreement with the 
above cited experimental rates for the beta-keto acids 21a and 21c decarboxylation in solutions [29], 
provided that the difference in rates is not only due to the enolization of 21c. However, it is inconsistent 
with the order of experimentally determined rates of ketones formation by paths “a” and “c” (Scheme 
2). Ketones are formed faster by path “c” in a competition with path “a” in cross-ketonization 
experiments  [13], [17]. This apparent contradiction might suggest that if beta-keto acid's 
decarboxylation step is a part of the decarboxylative ketonization mechanism, it may not be the rate 
limiting step, or it may proceed on the catalyst surface in a way different from the concerted six-
membered transition state of the gas phase.  
As it will be shown in subsections 3.3.3 and 3.5, activation energies and reaction rates for the 
decarboxylation on a surface for all paths follow the same order as the experimental rates of ketones 
formation, “c” > “b” > “a” > “d” . 
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The second model explores assistance with the proton transfer in 24a-d by trimethylamine (Scheme 
4), which is a stronger base than carboxylate. Therefore, abstraction of the carboxyl hydrogen occurs 
prior to going through the TS which is evidenced by the position of the proton between amine nitrogen 
and the carbonyl oxygen atom in the TS structures 25a-d (Fig. 5). Proton movement from nitrogen to 
oxygen passing through the TS is synchronized with the carbon-carbon bond stretching (Video 3). 
Activation energies in the second model are lowered by 5.4-8.1 kcal/mol relative to the first model 
(Table 3) which may be attributed to the proton removal from the carboxylic group by trimethylamine, 
so that the cyclic structure and the strain associated with it are no longer present. The order of beta-
keto acids decarboxylation reactivity in Model #2 is not completely consistent with the rates of ketones 
formation by paths “a-d”.  
Although our results show a substantial decrease of activation energies in the gas phase in the 
presence of trimethylamine compared to Model #1 and to the experimental values in solution, catalysis 
of beta-keto acids decarboxylation by tertiary and secondary amines in solution is not efficient [51]. A 
prominent catalytic effect of primary amines does exist, but it is explained by a different mechanism 
through the formation of imines [25]. Results for the Amine Catalyzed Model #2 can be interpreted in 
such a way as to show the benefit of decoupling the proton movement from other structural changes. 
According to Guthrie, the strained cyclic structure of the TS in model #1 is formed to keep the proton 
stabilized in the gas phase, but it is not the best geometry for CO2 departure  [27]. Once the proton is 
stabilized by amine as in Model #2, the carboxyl group gets the freedom to acquire the preferred 
geometry for the decarboxylation. In the absence of amine, stabilization of the proton during its transfer 
to the carbonyl group in solutions can be played by a Lewis base type of solvents, in which reaction rate 
should be insensitive to the carboxylic H/D isotope choice. In the gas phase, or in a solvent like benzene, 
which provides poor proton stabilization, it has to be the carbonyl group that accepts the proton directly 
via the cyclic TS. In those cases, the concerted mechanism may become the preferred one with a 
noticeable kH/kD isotope effect. In either case, protonation of the carbonyl group facilitates other 
structural changes, but it requires the same amount of energy, thus making the zwitterion mechanism 
insensitive to the catalysis by amines and other bases. Our attempts to model the zwitterion mechanism 
in the gas phase have failed because the geometry optimization of the zwitterion always results in the 
more stable ketoacid structure. When the proton position on the carbonyl oxygen gets frozen, then 
optimization of the zwitterion geometry results in a spontaneous decarboxylation. The combined 
results of the two models are in agreement with the most recent conclusion of the long-standing 
literature debate on decarboxylation [23]. According to that, a purely concerted mechanism in solutions 
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able to stabilize proton is less satisfying. The preference is given to the zwitterion formation even if it is 
the result of an unfavorable equilibrium by which beta-keto acids may “go slowly through a needle's 
ear” to decarboxylate eventually faster.  
The third model evaluates assistance with the proton transfer by intermittent water  [43]  for the 
decarboxylation of 27a-d to 29a-d (Scheme 4). It also removes the geometry strain in the first model 
associated with the difficulties to satisfy both conformational requirements at the same time, one for 
hydrogen transfers and another for the decarboxylation [27]. The geometry of TS 28a-d optimized at 
the MP2 level (Fig. 6) has confirmed a linear arrangement of donor-proton-acceptor predicted for this 
model, a factor which cannot be achieved in the Model #1 [27]. However, only a modest decrease of 
the activation energy is observed in the Model #3 vs. Model #1 (Table 3). Because of lower basicity of 
water relative to trimethylamine, deprotonation of the carboxylic group does not take place before the 
TS is formed. Proton withdrawal from the carboxyl is synchronized with the second proton delivery to 
the carbonyl group relayed by the intermittent water molecule and with the carbon-carbon bond 
stretching (Videos 4a-d). Effect of alkyl substitution on the activation energies appears as random. In 
conclusion, decarboxylation based on the relayed proton transfer by intermittent water does not 
provide a significant benefit. 
Two additional models (Scheme 4, Table 2) are testing decarboxylation of hydrated beta-keto acids 
through the departure of carbonic acid instead of CO2. There is a very noticeable effect of the activation 
energy increase up to 33-36 kcal/mol found for the Hydrated Acid Model #4, structures 30-32a-d (Fig. 
9) and an equally remarkable decrease of the activation energy down to ~13 kcal/mol for the Hydrated 
Acid Anion Model #5, structures 33-35a-d, (Fig. 10). Model #4 is a concerted departure of carbonic acid 
that is synchronized with the proton transfer (Videos 5a-d). As it will be shown below (section 3.3.3), 
the increasing delocalization of the breaking C-C bond into the empty p-orbital of the carbonyl carbon 
in TS 31a-d caused by alkyl substituents has a linear correlation (R2=0.8805 at MP2 level) with lowering 
activation energy. This interaction eventually leads to the formation of the double bond in the enol 
product. 
In a striking contrast, decarboxylation of the anion of hydrated acid in the Model #5 is a non-
concerted departure of the hydro carbonate (Videos 6a-d) with much lower activation energies. Proton 
transfer is completed after passing through TS as a result of an immediate reaction between strongly 
basic enolate and carbonic acid. There is very little dependency of the activation energies on alkyl 
substitution in Model five. This leads to having no correlation between activation energies and the 
electronic structure of reagents or TS. 
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3.3.3. The effect of alkyl substitution on the gas phase decarboxylation. 
In an attempt to understand the electronic nature of the decarboxylation we have analyzed 
essentially all pairs of the natural bond orbitals (NBO) donor – acceptor interactions listed in the Second 
Order Perturbation Theory Analysis of Fock Matrix section of the Gaussian output files [52] with an 
energy threshold 0.5 kcal/mol and discovered a strong correlation of the electronic structure of beta-
keto acids before the reaction takes place as well as for the transition state with the activation energy 
calculated for the Concerted Model #1. Specifically, the interaction of a lone pair on a hydrogen-free 
carboxylic oxygen atom as the donor with the sigma antibonding orbital of the breaking carbon-carbon 
bond as the acceptor for the reactants 24a-d (Fig. 7a) and the respective TS 25a-d (Fig. 7b) has a linear 
relationship with the activation energy of decarboxylation (Fig. 8a, Table 3). Because the second oxygen 
of the carboxyl group is also becoming hydrogen-free in the TS 25a-d, both lone pairs become 
interacting with the C-C sigma antibonding orbital and showing the same linear correlation with the 
activation energy. These interacting pairs of orbitals in reactants as well as in transition states are well 
overlapping in a close to parallel orientation to each other with only a ~30° departure (Fig. 7ab). The 
degree of the overlap and the energy of the interaction are not affected by the carboxyl group rotation 
around C-C bond.  These interactions produce delocalization of the lone pairs of carboxylic oxygen 
atoms into the C-C bond [52] causing its energy stabilization and inhibiting decarboxylation. The quality 
of the above relation judged by R2 values improves from about 0.88 to about 0.94 with increasing the 
level of theory from MP2 to MP4.  
The fundamental reason for the variation of activation energies of decarboxylation with the degree 
of substitution seems to be a change of the energy levels of the interacting orbitals influenced by alkyl 
substituents. Delocalization energies in NBO analysis are estimated by the formula (1) [52] 
E(2) = ΔEij = qi F(i,j)2 / (εj − εi)        (1) 
in which qi is the occupancy of the donor orbital, F(i,j) is the NBO Fock matrix element, εj and εi are the 
energies of the acceptor and donor orbital, respectively. Both εj and εi are increasing with the degree 
of alkyl substitution.  According to formula (1) and the data in Table 3, the major contributing factor to 
E(2) values is the squared NBO Fock matrix element F(i,j). At the same time, increasing the energy of the 
acceptor orbital can help to lower E(2) and, therefore, the activation energy, while rising the donor 
orbital energy must have the opposite effect according to formula (1). Because both donor and acceptor 
energy levels are increasing with the alkyl substitution, the gap between donor and acceptor energies, 
εj − εi, could potentially change in both ways. As can be seen from the Table 3, the acceptor orbitals are 
affected by alkyl substitution to a greater extent compared to the donor orbitals on carboxylic oxygen 
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lone pairs causing an increase of the gap εj − εi in the TS, therefore, a decrease of the E(2) and the 
activation energy. Thus, the primary effect of alkyl substituents on accelerating decarboxylation rate 
for the Concerted Model is through increasing the energy level of the C-C anti bonding orbital thus 
disallowing electron delocalization from the lone pairs of carboxyl oxygen atoms. 
The opposite is also found to be true: pumping more electrons out of the C-C bond helps to break it 
with smaller investments of energy. Thus, the higher degree of the C1-C2  bond delocalization into * 
and * anti-bonding orbitals of the beta carbonyl group represented by the sum of both interaction 
energies, E(2), was found to correlate linearly with lowering activation energy. For Model #1, correlation 
of the activation energy with the electron delocalization out of the C-C bond into the carbonyl group is 
weaker compared to the correlation with the electron delocalization into the C-C bond from the 
carboxyl group. Similar correlations were found for Model #3, Proton Relay by Intermittent Water, 
which is also a concerted reaction. In this case, delocalization of electrons out of the C-C bond into the 
beta carbonyl appears as a dominating effect on the activation energy (Table 4, Fig. 8b), probably 
because TS in Model #3 has higher degree of protonation of the beta carbonyl group more readily 
attracting electrons from the C-C bond. 
The importance of the type of electron delocalization affecting the activation energy, either “in” or 
“out” of the breaking C-C- bond, depends on relative positions of donor and acceptor orbitals located 
at different fragments of beta-keto acids and unequally affected by alkyl substituents. The most 
energetically preferred combination determines which type of delocalization will have a dominating 
effect on the activation energy.  
A strong correlation of beta-keto acids reactivity with their electronic structure is found only for 
concerted mechanisms in Models #1, #3 and #4. It would be interesting to obtain experimental rates of 
alkyl substituted beta-keto acids decarboxylation in solution and to compare its dependency on alkyl 
substitution with those predicted by different computational models. 
3.3.4. Beta-keto acids decarboxylation on a surface.  
The preferred mode for carboxylic acids adsorption on zirconia is by O-H dissociation, i.e. by 
replacing a carboxylic proton with the surface metal atom [18]. Likewise, dissociative adsorption of 
beta-keto acids may be considered as a similar acid-base reaction that removes a proton, i.e. it 
completes one part of the proton transfer required for the decarboxylation. After that, there could be 
several options for the decarboxylation to proceed which are discussed below. 
An essential lesson taken from modeling decarboxylation in the gas phase is the necessitated 
activation of the beta carbonyl group by adding a proton to the carbonyl oxygen atom. Alternatively, 
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any other electrophile, such as a surface metal atom could be used for the carbonyl activation. Binding 
a carbonyl group to the surface metal atom, such as in structures 8a-d, not only activates the carbonyl 
group but also provides an additional stabilization similar to the preferred mode of lactic acid 
adsorption on zirconia, which is also bound by all three oxygen atoms [53]. The exothermic effect of 
binding a carbonyl group to a Zr atom by 0.6-4.2 kcal/mol is found for paths “a-c”. This effect becomes 
endothermic by 0.9 kcal/mol for the most substituted and sterically hindered intermediate 8d. 
If beta-keto acids anchored to the surface only through the carboxylate group, (structures S7 and 
S10, Supplementary Material), are protonated at the beta carbonyl group, the decarboxylation step 
may leave CO2 adsorbed on the surface and release neutral ketone enol into the gas phase. However, 
an increase of the total energy upon carbonyl protonation by surface protons makes this option a low 
priority. This and several other options for decarboxylation on surface are described in the 
Supplementary Material (Fig. S3, S4).  
A fundamentally different option may still be considered according to which beta-keto acid 
intermediates are displaced from the surface by the constant stream of carboxylic acids being added, 
so the decarboxylation takes place in the gas phase as discussed in section 3.3.2. The upper limit of the 
activation energy for the displacement step in that case may be equal to or lower than the energy 
required for beta-keto acid desorption from the surface. In such a case, the decarboxylation step is 
excluded from the kinetic scheme if it takes place in the gas phase, but desorption of beta-keto acid 
may become kinetically important. 
First, we will discuss the decarboxylation of the most stable surface species bound by all three 
atoms. Electronic energies of activation (Table 1) calculated for the decarboxylation of structures 8a-d 
to ketone enolates 10a-d and CO2 through TS 9a-d (Scheme 2) follow the same order of reactivity found 
experimentally for paths “a-d”  [13], [17]. As clearly seen at the energy profiles of the catalytic cycle 
(Fig. 3), not only the condensation, but also the decarboxylation step differentiates the formation of all 
four ketone products in the cross-ketonization by the activation energy.  
The electronic energy of activation for the reverse step from 10a-d to 8a-d, i.e. condensation of the 
ketone enolate with CO2, 2.3-8.1 kcal/mol, is very low, and it is comparable to the activation energy of 
the ketone enolate protonation, ~ 3 kcal/mol. However, the free energy of activation for the 
condensation of CO2 with the ketone enolate is very large approaching 50 kcal/mole at 327 °C 
temperature for path “d” (Table 2).  Such a high barrier makes the decarboxylation reaction practically 
irreversible. A large amount of energy is released after the ketone enolate is protonated and CO2 is 
replaced by new carboxylic acid forming structures 10a-d in step #5 (Scheme 2, Fig. 3b).  
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A close look at the nature of the TS 9a-d reveals that structures 8b and 8c without methyl groups in 
the alpha position are breaking C-C bonds in a twisting motion, while structures 8a and 8d, sterically 
hindered near the reactive center, decarboxylate by stretching C-C bonds (Videos 7a-d). 
Decarboxylation through twisting is not observed in the gas phase and it looks unusual. Attempts to 
produce it in the gas phase model #1 by constraining positions of the carbonyl and carboxyl group have 
failed. A sufficient freedom of rotational movement might be a condition required for the 
decarboxylation to proceed through C-C bond twisting that is available on surfaces only for less 
substituted acids. The decarboxylation of 8b and 8c on surfaces through twisting is likely induced by the 
geometry strain imposed on beta-keto acid when they are bound to the surface by all three oxygen 
atoms. A minor factor providing an additional degree of freedom for the decarboxylation of 8a-c is that 
it proceeds by lifting one of the carboxylic group oxygen atoms off the surface before going through the 
TS 9a-c (Fig. 2a).  
The next explored option is a surface equivalent of the gas phase decarboxylation going through 
preliminary hydration and followed by the departure of hydrocarbonate, HCO3–, as in model #5 which 
showed the lowest activation energies. To connect the immediate product of the condensation step, 
structures 5a-d, with structures 18a-d undergoing decarboxylation, we explored several options for the 
dehydration of the carbonyl group and hydration of the carboxyl group. Details are discussed in section 
3.4. The best option for the hydration and hydrocarbonate release presented on Scheme 3 and Fig. 11a-
d is the sequence of elementary steps 4* and 5* interconnecting structures 8a-d through 20a-d. 
Departure of hydro carbonate from 18a-d to 20a-d through TS 19a-d is exothermic with significantly 
lower activation energy, 5.3-12.4 kcal/mol (step 5*, Table 1), compared to the departure of CO2 from 
8a-d, which is endothermic. TS for all paths, structures 19a-c, are achieved through C-C bond stretching 
(Videos 8a-d). Highly exothermic and exergonic effect of step 5* ensures that the equilibrium is shifted 
toward product 20, which is more stable and less likely to revert. A facile departure of hydrocarbonate 
in step 5* is promoted by the high energy of the hydrated intermediate 18 in step 4*. Even though, 
values of the free energy of activation for the C-C bond breaking step 5* are low, they are relatively 
high for the hydration step 4*, and comparable to those for the decarboxylation by the single step 4 
(Scheme 2). Overall, it makes the route through hydration and HCO3- departure (Scheme 3) less 
competitive for paths “a”-“c”. Only the path “d” route via hydration and the departure of 
hydrocarbonate, steps 4* and 5*, looks more preferred over the decarboxylation route by step 4. 
 
3.4. Dehydration and re-hydration  
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Organic chemistry textbooks describe two versions of the mechanism for the conversion of the 
hydrated form of the carbonyl group, such as in structures 5, 6 and 16, to beta carbonyl group, such as 
in structures 8, depending on the pH of the solution. In basic media, it proceeds via deprotonation of 
one of the OH groups and departure of the other one in the form of hydroxyl, OH–. In acidic media, the 
dehydration mechanism starts with a protonation of one of the OH groups, and it is followed by a 
departure of the resulting neutral water molecule, and by deprotonation of the carbonyl. The latter 
option is potentially more attractive because water removal generates protonated beta carbonyl which 
is already activated for the decarboxylation. Thus, instead of the deprotonation at the final stage, an 
immediate decarboxylation can take place.  
Protonation of 5c by a surface proton located on a 3-fc lattice oxygen followed by water removal 
leads to the formation of structure S7, decarboxylation of which has been described in the 
Supplementary Material (Fig. S3). Because the decarboxylation path via S7 is of higher energy compared 
to the other two, this dehydration option for modeling has not been pursued. A better option, lowering 
the total energy, was found for structure 5c to use one of its OH groups for binding to a vacant surface 
Zr atom forming structure 6c (Fig. 2c). The other OH group is protonated by the proton coming from a 
2-fc lattice oxygen via TS 7c with the electronic energy of activation 16.4 kcal/mol (Table 1) and the Free 
energy barrier 7.3-7.9 kcal/mol depending on the temperature (Table 2). When OH groups switch their 
places, protonation of the unbound OH group is done on the other side of the carbon chain by the 
proton coming from the nearest 3-fc lattice oxygen. In such a case the absolute energy of the TS is not 
changing, but the starting point has 11.4 kcal/mol higher energy, so the activation energy becomes 
smaller, only 6.0 kcal/mol. In this situation, there is no significant preference for the protonation from 
one side over the other. The dehydration step is not kinetically significant. Because of the positive 
entropy change, Free energies of activation for the dehydration at temperature 327 °C are low, ranging 
from 6.7 to 9.2 kcal/mol for all paths “a”-“d” (Table 2). 
Hydration of the carboxyl group in beta-keto carboxylates 8a-d to 18a-d through TS 17a-d (Scheme 
3, Fig. 11a-d) has negative entropy, and the free energy barrier is increasing from 15.1-20.3 to 18.9-24.3 
with increasing temperatures (Table 2). Hydration of the carboxyl group is slower compared to the 
hydration of the beta carbonyl group that leads back to 6a-d through TS 7a-d. In fact, free energies of 
activation for the hydration of the carboxyl group are comparable to those of the dry decarboxylation 
step for all paths with the exception of path “d” (Fig. 3b,d). This makes decarboxylation through 
hydration (Scheme 3) as the more preferred option only for the path “d”, while paths “a”-“c” should 
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more likely utilize dry decarboxylation as on Scheme 2. A shortage of water could make the hydration 
step problematic and cause a noticeable effect on path “d” selectivity. 
There is certain symmetry in the direction of bond breaking and bond formation between carbon 
atom 2 and its neighboring atoms 1 and 3 of beta-keto carboxylates 8a-d as shown in Scheme 5, so the 
following formal rule can be stated. Bond breaking may occur near the carbonyl group which is hydrated 
and/or has a single C-O bond. This rule is observed because bond breaking must convert the adjacent 
single C-O bond into the double C=O bond. When the same rule is applied to the reverse process, i.e., 
to the bond formation, a double C=O bond of the electrophile is converted to a single C-O bond on the 
product. Thus, condensation step from 3a-d generates the hydrated form of the beta carbonyl in 
structures 5a-d with single C-O bonds. The reaction is reversible at this point, but it becomes irreversible 
after dehydration. Formally, the carboxyl group already has one single C-O bond and can decarboxylate 
without hydration as shown in Scheme 2. At the same time, hydration of the carboxyl group may 
accelerate its loss through the C-C bond breaking toward formation of ketones as in Scheme 3.  
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Scheme 5. Illustration of the bidirectionality for the C-C bond cleavage in 8a-d which requires an 
adjacent single C-O bond to be present before the cleavage can proceed. A single C-O bond already 
exists as part of the carboxyl group in the path to 10a-d or can be created by hydrating either the beta-
keto carbonyl (path to 6a-d) or, additionally, the carboxyl group (path to 18a-d). 
 
Under the assumption of reversibility of all steps, an excessive amount of water may slow down 
formation of ketones by hydrating the beta-carbonyl group and preparing for the C-C bond cleavage in 
reverse to the condensation in step 2. On the other hand, dehydration in the beta position ensures that 
the overall catalytic reaction does not go back. This leads to having multiple roles for water in the 
reaction mechanism. 
Interestingly, the concept of dehydration eliminates the need for the metal oxide catalyst to be 
reducible and oxidizable, which is sometimes assumed in literature. Historically, those assumptions 
might have originated from the mechanistic formalism shown in Scheme 6. According to the formalism 
proposed in the last century [2], [3] in order to form a beta-keto acid intermediate, the immediate 
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product of the condensation step must do so by depositing oxygen atom on the metal atom on surface. 
As a consequence, this step required metal oxides to be reducible and oxidizable. For this reason, 
surface metal atoms with low coordination, such as on corners and edges, were considered as the most 
active sites for the formation of ketones. At that time, the condensation step was also believed to occur 
between two acids adsorbed on a single metal atom with a double vacancy, but this was recently shown 
to be unlikely by several computational studies reviewed by Pacchioni [6].  
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Scheme 6. Mechanism of beta-keto acid formation which requires the oxidation of surface metals. 
 
The assumed requirement for redox properties of metal oxide catalysts has made its way into more 
recent reviews [4], [45] and has influenced catalyst development work, but it has been recently shown 
to be unnecessary [54], [55]. Sometimes, catalyst treatment by hydrogen gas is used to illustrate what 
might be just a temporary benefit of removing surface oxygen atoms and generating under-coordinated 
metal centers that are supposed to promote carboxylic acids adsorption. However, carboxylic acids 
have a stronger heat of adsorption relative to that of water and should have no difficulties replacing 
surface hydroxyl groups. An additional point is that zirconia by itself, without any additives, has some 
activity for hydrogenation and for the reversed water gas shift reaction [56]. Therefore, oxygen 
vacancies created on zirconia are going to disappear after an exposure to CO2 and water, i.e. under the 
typical reaction conditions of decarboxylative ketonization. Experimentally, a small amount of CO is 
often detected as a by-product during decarboxylative ketonization. Most likely, any effect of hydrogen 
treatment leading to a reaction rate increase may be attributed to a higher rate of the enolic component 
survival and explained by the reduced amount of surface OH and protonated bridged Zr–O–Zr groups. 
 
3.5. Transition State Theory rate constants calculation and kinetic scheme selection  
Frequency calculations were performed for each structure in Schemes 2, and 3. Using vibrational 
frequencies, energies, and geometries of reactants, products, and transition states, the rate coefficients 
were evaluated within the canonical transition state theory provided by the Materials Studio software 
package. To account for anharmonic effects, the calculated harmonic frequencies were scaled by factor 
0.9 without applying tunneling effect. The standard thermodynamic quantities and the first order rate 
coefficients for each elementary step of the catalytic cycle are shown in Tables 2 and 6, respectively. 
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Each step is treated as the first order reaction with respect to the concentration of bimolecular 
complexes on a surface. This simplification makes it easier to estimate cross-selectivity by using relative 
rates between paths “a”-“d” for steps 1-5 not including step 6, which becomes possible because the 
equilibrium constants for the formation of complexes 1a-d from the gas phase in step 6 are 
approximately equal to each other. 
The most noticeable difference between the electronic energy (Fig. 3a and 3c) and the free energy 
profiles (Fig. 3b and 3d) is in the relative values of the energy barriers for the condensation step vs. the 
decarboxylation step. If only the electronic energy profile is analyzed, it would erroneously point to 
decarboxylation as the rate limiting step. However, the free energy barrier for the condensation step 
becomes increasingly higher at high temperatures compared to that of the decarboxylation step for 
paths “a”, “b”, and “c”, except for path “d”. 
The above outcome may look surprising. When comparing known experimental rates of relevant 
reactions in solutions, it would be counterintuitive to expect condensation as the rate limiting step. 
Enolized carboxylates and esters are known as highly reactive species employed in organic synthesis for 
C-C bond formation. For example, a 43% yield of ethyl acetoacetate is obtained within 3 minutes in the 
Claisen self-condensation of ethyl acetate at room temperature [57]. The experimental second-order 
rate constant for a typical Claisen-Schmidt condensation is 0.17 M–1 s–1 [58]. For comparison, first-order 
rate constants for the decarboxylation of beta-keto acids and carboxylates are five to six orders of 
magnitude lower, 7.2x10-6 s-1 for acetoacetic acid and 1.5x10-7 s-1 for its anion at 25 °C [29]. The half-
life is 7 h for acetoacetic acid and 43 h for acetoacetate anion decarboxylation in solution at 30 °C [23]. 
However, when the decarboxylative ketonization reaction takes place at the 200-500 °C temperature 
range, the entropy contribution to the free energy becomes significant, and the relative ratio of the 
reaction rates between two steps, condensation and decarboxylation, is reversed. 
A simplified kinetic scheme for paths “a”-“c” can be described by the rapid enolization equilibrium 
followed by the rate limiting step, i.e., condensation. The global rate constant for the catalytic cycle in 
such case can be calculated by equations (2a) and (2b) applied to the enolization and condensation 
steps either by Scheme 2 or 3, respectively 
 𝑟 =  
𝑘2𝑘1
𝑘2+ 𝑘−1
× [ 𝟏]                 (2a)  
𝑟 =  
𝑘2∗𝑘1∗
𝑘2∗+ 𝑘−1∗
× [ 𝟏𝟐]         (2b)  
 32  
For path “d”, decarboxylation step also becomes kinetically important, and approximate equations 
(3a) and (3b) can be used in this case depending on whether it is combined with the condensation by 
Scheme 2 or Scheme 3: 
𝑟 =  
𝑘1𝑘2𝑘3𝑘4
𝑘−1𝑘−2(𝑘4+ 𝑘−3∗)
× [ 𝟏]              (3a)  
𝑟 =  
𝑘1∗𝑘2∗𝑘3∗𝑘4
𝑘−1∗𝑘−2∗(𝑘4+ 𝑘−3∗)
× [ 𝟏𝟐]              (3b)  
The derivation of formulas (2) and (3) is given in the Supplementary Material. A necessary 
simplifying condition used to derive formulas (3a) is that decarboxylation is treated as the single RDS, 
although, more accurately, kinetics for path “d” can be described as a consecutive reaction with two 
RDS. Another rough approximation used for equation (3) is quasi-equilibrium between pairs of 
intermediates preceding RDS.  
More accurate expression for the overall rate constant for each path is given by equations (4) and 
(5), which are free from the quasi-equilibrium approximation (Derivation is provided in the 
Supplementary Material). Equations (4a) and (4b) differ by the choice of the condensation step, either 
Scheme 2 or 3, respectively. 
𝑟 = 𝑘4 × [𝟖] =  
𝑘1𝑘2𝑘3 𝑘4
𝑘4(𝑘−2𝑘−1 + 𝑘2𝑘3 + 𝑘−1𝑘3)+ 𝑘−1𝑘−2𝑘−3
× [ 𝟏]                          (4𝑎) 
𝑟 = 𝑘4 × [𝟖] =  
𝑘1∗𝑘2∗𝑘3 𝑘4
𝑘4(𝑘−2∗𝑘−1∗ + 𝑘2∗𝑘3 + 𝑘−1∗𝑘3)+ 𝑘−1∗𝑘−2∗𝑘−3
× [ 𝟏𝟐]                 (4𝑏) 
Equation (5) applies to the departure of hydrocarbonate by Scheme 3 with the correction for the 
enolization and condensation provided by Scheme 2. 
𝑟 = 𝑘4∗ × [𝟖] =  
𝑘1𝑘2𝑘3 𝑘4∗
𝑘4∗(𝑘−2𝑘−1 + 𝑘2𝑘3 + 𝑘−1𝑘3)+ 𝑘−1𝑘−2𝑘−3
× [ 𝟏]            (5) 
Selection of the preferred condensation route and the way of CO2 loss by Scheme 2 vs. Scheme 3 is 
done based on the analysis of the global rate constants calculated by formulas (2) - (5) (Table S2) and 
the activation energies (Table S3). Enolization equilibrium constants in step 1 for all paths are an order 
of magnitude higher when Scheme 2 is used vs. Scheme 3 (Table 6). Rate constants for the condensation 
step 2, for paths “c”, and “b” are also higher when Scheme 2 is applied compared to Scheme 3, but this 
is reversed for paths “a” and “d”. The rank of the overall rate constants calculated by equation (4b) for 
Scheme 2 (Table 6) matches the experimental rank  [17] in the order 𝑘𝑐 > 𝑘𝑏 > 𝑘𝑎 > 𝑘𝑑 at least, at 
high temperatures. This is not the case for Scheme 3 (Table S2). Therefore, condensation on surface 
(Scheme 2) is more likely vs. the condensation of surface enolate with the carbonyl component coming 
from the gas phase (Scheme 3).  
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For further selection of the most likely mechanism, each path is characterized by the respective 
activation energies, which are compared against known experimental values. The slope of the 
temperature dependence of the global reaction rates calculated by formulas (2)-(5) for paths “a”-“d” in 
coordinates of lnkglobal vs. 1/T provides an estimation of the apparent Arrhenius activation energy (Table 
S3). A good match between calculated and experimental values is found for the mechanism outlined by 
Scheme 2, but not by Scheme 3. The experimental activation energy for acetone and di-isopropyl ketone 
formation in a continuous flow reactor with zirconia catalyst are 28.0 ± 1.6 and 46.0 ± 2.5 kcal/mol, 
respectively [17]. Values calculated for acetone (path “c”) by equation (4b) and for di-isopropyl ketone 
(path “d”) by equation (5) are 32.1 and 47.1 kcal/mol, respectively. Equation (2b), which is only suitable 
for the condensation as the rate limiting step, gives an overly low value of the activation energy for path 
“d”, 36.9 kcal/mol, while equation (4b) accounting for both the condensation and the decarboxylation 
steps gives exceedingly high value, 65.8 kcal/mol. Therefore, it might be possible that the mechanism 
via hydration of the beta-keto carboxylate and departure of the hydrocarbonate takes place for path 
“d” and it might be important for the decarboxylative ketonization of other bulky acids, in general. 
Analysis of the overall reaction rate constants in Table 6 shows that the catalytic mechanism by 
hydrocarbonate departure looks relatively competitive for paths “a”-“c” and it may contribute up to 7-
41% going in parallel to the classic decarboxylation. 
The culmination point of our study is the calculation of the cross-selectivity vs. selectivity to 
symmetrical ketones. In our previous work, we have specified the criteria for a positive deviation of the 
cross-selectivity from the statistical binomial distribution as either  
{
𝒆 < 1
𝒄 > 1
           (6a), 
or 
 {
𝒆 > 1
𝒄 < 1
           (6b), 
wherein the integral parameters e and c were defined as the ratio of ketone products formed by 
isobutyric acid vs. acetic acid acting as the enolic component, parameter e, or as the carbonyl 
component, parameter c [13]. From the value of the global rate constants presented in Table 6, we can 
define the differential values as 
𝒆 =  
𝑔𝑙𝑜𝑏𝑎𝑙 𝑟𝑎𝑡𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑏𝑦 𝑝𝑎𝑡ℎ "𝑎"
𝑔𝑙𝑜𝑏𝑎𝑙 𝑟𝑎𝑡𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑏𝑦 𝑝𝑎𝑡ℎ "𝑐"
        (7a) 
𝒄 =  
𝑔𝑙𝑜𝑏𝑎𝑙 𝑟𝑎𝑡𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑏𝑦 𝑝𝑎𝑡ℎ "𝑏"
𝑔𝑙𝑜𝑏𝑎𝑙 𝑟𝑎𝑡𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑏𝑦 𝑝𝑎𝑡ℎ "𝑐"
        (7b) 
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For example, at the temperature 327 °C (600 K), e = 0.008, c = 0.004. In this case, both parameters are 
less than one, 𝒆 < 1, 𝒄 < 1, and the conditions in equations (6) are not met. Therefore, selectivity to 
the cross-ketone with zirconia catalyst is predicted computationally and observed experimentally [13] 
to be below the statistically expected value. 
While the overall rank of the calculated rate constants for all paths at high temperatures is accurate, 
a minor mismatch is observed for the cross-ketone formation by path “b” vs. path “a” at low 
temperatures (Table 6). Path “b” is experimentally found as the preferred one with zirconia catalyst at 
all temperatures in the range 200-400 °C [17]. The mismatch is explained by a side reaction increasing 
the fraction of path “b”, which we have previously reported as the condensation of acetone with 
isobutyric acid making methyl isopropyl ketone [59]. This reaction is consuming the product of path “c” 
and producing the extra amount of the product derived by path “b”. Isotopic labeling showed that 
isobutyric acid acts in this condensation as the carbonyl component only, at least, with the probability 
exceeding 99.8%, limited by the accuracy of the mass spectrometry analysis. This reaction is not 
accounted for in the current kinetic model, and it will be included in the future. 
Recently, a very thorough study of the ketonization mechanism on rutile and anatase forms of 
titania by Wang and Iglesia combining kinetic, spectroscopic, and computational methods has been 
published [55]. Although no alternative computational models were explored for each step, the main 
conclusion about the condensation of surface species being the rate limiting step on titania for 
unsubstituted acetic acid is supported by kinetic and in situ infrared spectroscopy analysis. It would be 
interesting to model behavior of bulky acids on titania and to compare it with zirconia. Titania catalysts 
are known to be much less active for decarboxylative ketonization when compared to zirconia and ceria 
[12], [13], [60]. The difference in catalytic activity is in line with larger distances between surface 
carboxylates on flat and less corrugated surfaces of titania. 
4. Conclusions 
 
Comprehensive modeling of the decarboxylative ketonization mechanism is described in our study 
at an unprecedented level of detail for each elementary step. Our goal was to explore and compare as 
many reasonable options as possible. When selecting the best option for each kinetically important 
step, we were guided by the experimental ranking of the four catalytic reaction rates between two 
carboxylic acids with a different degree of alkyl substitution. This combinatorial approach allowed us to 
study the effect of alkyl substitutions separately in each of the potentially significant steps: enolization, 
condensation, and decarboxylation. The selection of the rate determining step based on a single acid 
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reaction with itself can be ambiguous because ketonization of a single acid represents only a single data 
point. 
The calculated kinetic and thermodynamic data are convincing enough to treat enolization as a 
reversible step which maintains a low concentration of the reactive intermediates under equilibrium at 
the beginning of the catalytic cycle. Deprotonation of the alpha carbon activates the enolic component 
and becomes the gateway for the chain of the subsequent steps. Most likely, enolization takes place 
through the abstraction of an alpha proton by lattice oxygen as concluded after assessing alternative 
deprotonations by water, hydroxyl, carboxylates, and acids on a surface and in the gas phase. We wish 
to emphasize one of the critical factors differentiating catalytic activity between many other metal 
oxides, which is the ability to move away the abstracted proton from the enolized carboxylate to delay 
an immediate reversal of the enolization step. Such possibility is offered on a (111 ) surface through 
hydrogen bonding, but may be more difficult to attain on a ( 111 ) surface of monoclinic zirconia. The 
spontaneous protonation of the enolized carboxylate by water or by carboxylic acid coming from the 
gas phase can inhibit the overall catalytic process by moving one step back after the first two steps 
forward of the catalytic cycle, the adsorption and enolization. 
There are a variety of options found for the condensation and decarboxylation steps, the choice of 
which may depend on specific conditions. The highly-corrugated nature of all major monoclinic zirconia 
surfaces provides many more possibilities for the two molecules to attain the right geometry, distances, 
and angles for their condensation compared to flatter and catalytically less active surfaces of titania. 
The magnitude of surface corrugation might be the second most critical factor differentiating activity 
of all metal oxide catalysts. 
At a low partial pressure of carboxylic acids, when the surface coverage is still growing with the 
increasing concentration of acids, the condensation step most likely takes place on surfaces between 
the nucleophilic alpha carbon of the enolized carboxylate and the electrophilic carboxyl carbon of the 
carboxylate adsorbed in the bidentate bridged mode in a close proximity to each other. This model is 
consistent with experimental observations of the second-order rate law with respect to gas phase acids 
until the surface is saturated by carboxylates, and of zero-order after the saturation [8], [55]. At a 
sufficiently high concentration of acids, an additional possibility emerges for the gas phase acid, as an 
electrophile, to react with the alpha carbon of the enolized surface carboxylate, as a nucleophile. 
However, such condensation requires the preliminary stabilization of the gas phase acid through 
hydrogen bonding on top of the enolized carboxylate in excess to the equilibrium coverage. The 
calculated kinetic data do not provide a strong support for this option. 
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Modeling of the gas phase decarboxylation of alkyl substituted beta-keto acids suggests the 
importance of the proton removal from the carboxyl group and protonation of the beta carbonyl group 
prior to going through the TS. The electronic effect of alkyl substituents in beta-keto acids controls the 
activation energy of decarboxylation by changing the energy levels of the C-C sigma bonding and 
antibonding orbitals, therefore, controlling the strength of the breaking C-C sigma bond through the 
delocalization of electrons in and out of it assisted by the neighboring carbonyl and carboxyl groups.  
There are many possibilities for beta-keto acids decarboxylation on surfaces in addition to the 
possibility of decarboxylation in the gas phase after desorption from the surface. The steric effect of 
alkyl groups becomes the major factor for the decarboxylation on surfaces as opposed to the electronic 
effect discovered for the gas phase decarboxylation. Calculated rates of decarboxylation on surfaces 
correlate with the experimentally determined order of cross-ketonization by paths “c” > “b” > “a” > “d”. 
The complexity of the role of water is evident since we demonstrated that its presence makes the 
enolization step more vulnerable, but at the same time it may accelerate the decarboxylation step for 
bulky acids through the hydration of the carboxyl group. The presence of water may slow down the 
dehydration of the intermediate formed by the condensation step and it may also reverse the 
condensation step itself. 
Computational modeling helps to recognize that many steps of the reaction mechanism, perhaps, 
all of them, during the catalytic decarboxylative ketonization of carboxylic acids can be practically 
reversible and have to be treated so when dealing with the catalysis and technology of this reaction. 
The concept of reversibility and the thermodynamic control are the key factors changing the kinetic 
scheme and affecting the reactivity of carboxylic acids and the cross-selectivity in the decarboxylative 
ketonization. We have also collected experimental evidence for the reversibility of all the key steps: 
enolization, condensation, and decarboxylation which will be presented separately. 
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Table 1. DFT Calculated electronic energies of reaction and activation, kcal/mol, of the elementary 
steps according to the catalytic cycles in Schemes 2 and 3 for paths “a”, “b”, “c”, and “d” of the 
cross-ketonization of acetic and isobutyric acids, kcal/mol.  
Str
uct
ure 
# 
Elementary step of the catalytic 
cycle 
Relative electronic energies vs. 
empty surface 
Electronic energies of activation and 
reaction (in parentheses) for each 
elementary step 
path 
"c" 
path 
"b" 
path 
"a" 
path 
"d" 
path 
"c" 
path 
"b" 
path 
"a" 
path 
"d" 
    Scheme 2         
1 Adsorption of two acids on an 
empty surface 
-70.8 -71.5 -71.0 -70.1 (-70.8) (-71.5) (-71.0) (-70.1) 
2 1. TS of enolization -44.9 -44.2 -43.1 -42.8 25.9 27.3 27.9 27.3 
3 1. Enolized carboxylate formed -54.4 -55.9 -59.0 -58.2 (16.4) (15.6) (12.0) (11.9) 
4 2. TS of condensation -35.8 -35.1 -34.8 -31.8 18.5 20.8 24.2 26.4 
5 2. Hydrated beta-keto acid 
formed 
-47.9 -44.2 -46.1 -39.3 (6.4) (11.7) (13.0) (18.9) 
6 Conformation change, stronger 
binding of hydrated keto acid 
-48.8 -50.0 -47.0 -41.9 (-0.9) (-5.8) (-0.9) (-2.6) 
7 3.TS of dehydration -32.3 -36.8 -33.2 -27.9 16.4 13.2 13.9 13.9 
8 3. Dehydrated beta-keto acid 
formed, water remains on 
surface 
-48.1 -48.2 -49.0 -43.9 (0.7) (1.7) (-2.0) (-2.1) 
9 4. TS of decarboxylation -21.2 -17.5 -17.5 -10.0 26.9 30.7 31.5 33.9 
10 4. CO2 and ketone enolate 
formed 
-27.5 -27.2 -28.8 -20.5 (24.6) (26.7) (23.4) (27.7) 
11 5. Enolate protonates to ketone, 
first acid adsorbs replacing CO2 
-48.0 -50.0 -44.3 -50.0 (-44.0) (-46.5) (-39.1) (-51.9) 
    Scheme 3      
1* Adsorption of two acids on an 
empty surface starts the 
catalytic cycle 
-60.7 -61.5 -59.0 -59.9 (-60.7) (-61.5) (-59.0) (-59.9) 
2* 1. TS of enolization -32.3 -33.4 -28.8 -30.0 28.4 28.1 30.2 30.0 
3* 1. Enolized carboxylate formed -47.3 -48.4 -46.3 -47.6 (13.4) (13.1) (12.7) (12.3) 
4* 2. TS of condensation -27.7 -28.6 -32.4 -28.0 19.5 19.8 13.9 19.6 
5* 2. Hydrated beta-keto acid 
formed 
-43.7 -44.5 -43.6 -40.8 (3.6) (3.9) (2.7) (6.8) 
6 Stronger re-adsorption  -48.8 -50.0 -47.0 -41.9 (-5.1) (-5.5) (-3.5) (-1.1) 
7 3.TS of dehydration -32.3 -36.8 -33.2 -27.9 16.4 13.2 13.9 13.9 
8 3*. Dehydrated beta-keto acid 
formed, water remains on 
surface 
-48.1 -48.2 -49.0 -43.9 (0.7) (1.7) (-2.0) (-2.1) 
33 4*. TS of carboxyl hydration -32.3 -33.1 -29.3 -23.6 17.8 15.1 19.7 20.4 
34 4*. Hydrated carboxyl group 
formed 
-34.1 -35.3 -30.1 -25.2 (14.0) (12.9) (18.9) (18.8) 
35 5*. TS of HCO3- departure -24.6 -23.3 -24.8 -12.7 9.5 12.0 5.3 12.4 
36 5*. Hydrocarbonate and ketone 
enolate formed 
-39.2 -40.5 -40.3 -37.3 (-5.0) (-5.2) (-10.3) (-12.2) 
11 6*. Enolate protonates to 
ketone, first acid adsorbs 
replacing hydrocarbonate (i.e. 
CO2 and H2O) 
-48.0 -50.0 -44.3 -50.0 (-8.8) (-9.5) (-3.9) (-12.6) 
1 6. Second acid adsorbs replacing 
ketone 
-60.7 -61.5 -59.0 -59.9 (-12.7) (-11.5) (-14.7) (-9.9) 
 
  
Table 2. Free energies, enthalpies, entropies of reaction, G (kcal/mol), H (kcal/mol), S (cal/mol·K), and of activation, G‡ (kcal/mol), 
H‡ (kcal/mol), S‡ (cal/mol·K) for the elementary steps according to the catalytic cycles in Schemes 2 and 3 for paths “a”, “b”, “c”, 
and “d” of the cross-ketonization of acetic and isobutyric acids.  
 
 G‡, (G) kcal/mol H‡, (H) kcal/mol S‡,  (S) cal/mol·K 
Steps  \  Paths  "c" "b" "a" "d"  "c" "b" "a" "d"  "c" "b" "a" "d" 
 Temperature 298 K 
Step 1, enolization 
(Scheme 2) 
19.7, 
(15.3) 
22.4, 
(16.4) 
18.4, 
(12.6) 
19.1, 
(11.0) 
17.6, 
(15.7) 
20.7, 
(15.1) 
15.7, 
(11.6) 
17.4, 
(10.7) 
-7.0,  
(-2.5) 
-5.7,  
(-3.4) 
-9.2,  
(-6.0) 
-5.7,  
(-1.3) 
Step 2, condensation on 
surface (Scheme 2) 
17.5, 
(9.2) 
20.5, 
(13.8) 
22.2, 
(15.5) 
28.5, 
(21.1) 
15.0, 
(6.5) 
18.2, 
(11.9) 
20.4, 
(13.8) 
25.1, 
(19.3) 
-8.1,  
(-7.6) 
-7.6,  
(-6.2) 
-6.0,  
(-11.4) 
-11.2, 
(-9.5) 
Step 3, dehydration 
(Schemes 2 and 3) 
7.3,   
(-3.8) 
7.6,   
(-3.7) 
6.6,   
(-6.7) 
7.7,   
(-6.2) 
7.5,   
(-1.6) 
8.0,   
(-0.7) 
7.3,   
(-0.5) 
7.0,   
(-1.3) 
0.7, 
(9.6) 
1.7, 
(16.1) 
2.4, 
(14.0) 
-2.3, 
(9.9) 
Step 4, decarboxylation 
(Scheme 2) 
15.7, 
(2.3) 
17.0, 
(4.4) 
18.4, 
(2.7) 
34.6, 
(6.2) 
16.3, 
(-16.8) 
17.0, 
(-18.0) 
17.9, 
(-18.1) 
35.8, 
(-17.6) 
2.2, 
(5.0) 
-0.1,  
(-4.5) 
-1.9,  
(-1.8) 
4.1,   
(-1.1) 
Step 1*, enolization 
(Scheme 3) 
26.9, 
(14.2) 
26.8, 
(15.5) 
28.6, 
(13.6) 
27.1, 
(9.4) 
24.9, 
(-0.8) 
24.9, 
(1.2) 
26.2, 
(-0.9) 
26.2, 
(0.0) 
-6.4,  
(-5.6) 
-6.4,  
(-4.0) 
-8.3,  
(-5.9) 
-3.1, 
(9.9) 
Step 2*, condensation 
from gas phase (Scheme 3) 
19.5, 
(5.5) 
21.2, 
(5.3) 
14.6, 
(5.1) 
24.4, 
(11.5) 
18.4, 
(2.0) 
18.4, 
(1.0) 
13.2, 
(1.9) 
20.0, 
(1.4) 
-3.7, 
(0.1) 
-9.5,  
(-1.6) 
-4.6,  
(-1.4) 
-14.7, 
(-11.2) 
Step 4*, hydration 
(Scheme 3) 
15.1, 
(13.3) 
15.6, 
(15.0) 
20.3, 
(19.0) 
19.8, 
(19.7) 
12.2, 
(12.7) 
12.4, 
(12.4) 
17.2, 
(18.3) 
17.3, 
(18.0) 
-9.7, 
(1.1) 
-10.6, 
(-10.9) 
-10.5, 
(-4.1) 
-8.4,  
(-2.7) 
Step 5*, Hydrocarbonate 
departure (Scheme 3) 
16.1, 
(-6.6) 
12.8, 
(-7.4) 
6.2, (-
12.1) 
12.4, 
(-12.4) 
13.2, 
(-5.3) 
11.0, 
(-5.3) 
4.7,   
(-9.4) 
11.4, 
(-11.3) 
-9.7, 
(6.6) 
-6.1, 
(6.6) 
-5.1, 
(7.2) 
-3.0, 
(1.0) 
 Temperature 600 K 
Step 1, enolization 
(Scheme 2) 
22.6, 
(15.6) 
25.0, 
(17.9) 
22.1, 
(13.8) 
21.6, 
(10.4) 
17.6, 
(15.7) 
20.7, 
(15.1) 
15.7, 
(11.6) 
17.4, 
(10.7) 
-8.4,  
(-2.5) 
-7.1,  
(-3.4) 
-10.6, 
(-6.0) 
-7.1,  
(-1.3) 
Step 2, condensation on 
surface (Scheme 2) 
20.7, 
(11.5) 
23.6, 
(14.4) 
24.8, 
(17.6) 
32.7, 
(25.1) 
15.0, 
(6.5) 
18.2, 
(11.9) 
20.4, 
(13.8) 
25.1, 
(19.3) 
-9.5,  
(-7.6) 
-9.0,  
(-6.2) 
-7.4,  
(-11.4) 
-12.6, 
(-9.5) 
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Step 3, dehydration 
(Schemes 2 and 3) 
7.9,   
(-6.8) 
7.9,   
(-9.0) 
6.7,   
(-11.2) 
9.2,   
(-9.3) 
7.5,   
(-1.4) 
8.1, 
(0.0) 
7.3, 
(0.1) 
7.0,   
(-1.2) 
-0.7, 
(10.2) 
0.3, 
(18.0) 
1.0, 
(15.5) 
-3.7, 
(10.2) 
Step 4, decarboxylation 
(Scheme 2) 
15.9, 
(1.6) 
17.9, 
(-14.3) 
19.8, 
(-15.7) 
34.2, 
(-15.8) 
16.3, 
(-19.1) 
17.0, 
(-20.7) 
17.9, 
(-21.5) 
35.8, 
(-20.5) 
0.8,   
(-0.1) 
-1.5,  
(-10.7) 
-3.3,  
(-9.7) 
2.8,   
(-7.7) 
Step 1*, enolization 
(Scheme 3) 
29.6, 
(16.0) 
29.6, 
(16.5) 
32.0, 
(15.4) 
28.9, 
(6.0) 
24.9, 
(-1.0) 
24.9, 
(2.1) 
26.2, 
(-1.0) 
26.2, 
(1.1) 
-7.8,  
(-6.0) 
-7.8,  
(-2.2) 
-9.6,  
(-6.3) 
-4.5, 
(12.4) 
Step 2*, condensation 
from gas phase (Scheme 3) 
21.5, 
(5.3) 
24.9, 
(5.8) 
16.9, 
(5.2) 
29.6, 
(14.8) 
18.4, 
(2.6) 
18.4, 
(1.1) 
13.2, 
(2.7) 
20.0, 
(1.5) 
-5.1, 
(1.4) 
-10.9, 
(-1.4) 
-6.0, 
(0.3) 
-16.1, 
(-10.9) 
Step 4*, hydration 
(Scheme 3) 
18.9, 
(12.8) 
19.6, 
(18.6) 
24.3, 
(20.3) 
23.2, 
(20.4) 
12.2, 
(12.7) 
12.4, 
(12.4) 
17.2, 
(18.3) 
17.3, 
(18.0) 
-11.1, 
(2.1) 
-12.0, 
(-12.8) 
-11.9, 
(-4.1) 
-9.8,  
(-1.8) 
Step 5*, Hydrocarbonate 
departure (Scheme 3) 
19.8, 
(-8.8) 
15.5, 
(-9.6) 
8.6,   
(-14.1) 
14.1, 
(-12.5) 
13.2, 
(-5.3) 
11.0, 
(-5.3) 
4.7,   
(-9.4) 
11.4, 
(-11.3) 
-11.1, 
(7.3) 
-7.5, 
(7.4) 
-6.5, 
(6.1) 
-4.4, 
(0.0) 
 
  
 
Table 3. Electronic energies of reaction, E, and activation, Ea, in the gas phase, kcal/mol, calculated for 
different models of beta-keto acids decarboxylation with various degrees of alkyl substitution 
(Scheme 4). 
Model, # 
Struct
ure 
Methoda 
DFT (PBE) Gaussian DFT (PBE) DMOL3 MP2(Full)/6-311++G(d,p) 
MP4SDTQ(Full)/6-
311++G(d,p)// 
MP2(Full)/6-311++G(d,p) 
Ea 
forwa
rd 
Eb 
Ea 
revers
e 
Ea 
forwa
rd 
Eb 
Ea 
revers
e 
Ea 
forwa
rd 
Eb 
Ea 
revers
e 
Ea 
forwa
rd 
Eb 
Ea 
revers
e 
1. 
Concerted 
21
-
23 
c 18.0 5.1 12.9 17.7 4.7 13.0 25.9 -2.8 28.7 25.9 -2.3 28.1 
b 18.2 5.7 12.5 18.0 5.4 12.6 25.5 -2.5 28.0 25.4 -1.8 27.2 
a 17.4 2.6 14.8 16.7 1.9 14.8 25.3 -0.8 26.1 24.9 -0.4 25.3 
d 17.2 3.1 14.1 16.2 2.0 14.2 23.9 -1.6 25.5 23.5 1.7 21.8 
2. Amine 
catalyzed 
24
-
26 
c       18.5 -3.0 21.5 18.7 -2.7 21.4 
b       17.4 -1.9 19.3 17.5   
a       19.5 1.8 17.8    
d       18.5 -0.2 18.7    
3. Proton 
Relay by 
Intermitte
nt Water 
27
-
29 
c 13.5 3.8 9.7 20.3 5.9 14.4 23.7 -1.1 24.8 24.0   
b 13.0 3.9 9.1 22.4 5.8 16.6 22.4 -1.8 24.2 22.4   
a 14.2 -0.3 14.5 22.2 2.3 20.0 25.7 0.6 25.1 25.8   
d 14.4 0.4 14.0 24.0 1.1 23.0 25.6 -0.7 26.2 25.8   
4. 
Hydrated 
acid 
30
-
32 
c 24.8 -4.4 29.2    36.4 2.7 33.7    
b 24.8 1.8 23.0    35.7 2.2 33.5    
a 23.2 0.0 23.2    32.7 2.6 30.1    
d 22.9 -0.6 23.5    34.7 3.9 30.8    
5. 
Hydrated 
acid anion 
33
-
35 
c       13.2 -19.0 32.2    
b       13.1 -19.2 32.3    
a       13.3 -14.3 27.6    
d       13.5 -15.2 28.7    
 
a – See the description of the computation methods in the Computational Methods section. 
b – Electronic energies are listed for the formation of the enol complex with CO2 as the product and may 
appear as negative values (exothermic process) because of the hidden energy of complexation. Values 
for the product formation as enol and CO2 separated by an infinite distance are positive, as they should 
be for the decarboxylation (endothermic process), and they are provided in the Supplementary 
Material, Table S1. 
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Table 4. Correlation of the activation energy in the concerted decarboxylation Model #1 with the 
donor-acceptor interaction energy of the second order perturbation theory analysis of Fock matrix in 
NBO basis calculated by formula (1) at the MP4SDTQ//MP2 level of theory. 
 24c 24b  24a 24d 25c 25b 25a 25d 
Electronic energy of  
activation, kcal/mol 
  
 
  25.9 25.4 24.9 23.5 
*BD C(1)-C(2) Acceptor 
energy, εj, hartree 
0.579 0.582 
 
0.563 0.566 0.305 0.314 0.311 0.319 
Donor  ̶   acceptor  LP2 (O4)  ̶  *BD C(1)-C(2) LP2 (O4)  ̶  *BD C(1)-C(2) 
LP2 (O4) Donor energy, 
εi, hartree 
-0.440 -0.440 
 
-0.433 -0.429 -0.420 -0.418 -0.417 -0.416 
εj − εi, hartree 1.019 1.022  0.997 0.996 0.726 0.732 0.728 0.735 
F(i,j), hartree 0.146 0.146  0.141 0.139 0.191 0.189 0.185 0.183 
E(2), kcal/mol 25.6 25.5  24.5 23.7 62.7 60.9 58.5 56.6 
Donor  ̶   acceptor   LP2 (O3)  ̶  *BD C(1)-C(2) 
LP2 (O3) Donor energy, 
εi, hartree   
 
  
-0.494 -0.490 -0.484 -0.483 
εj − εi, hartree      0.799 0.804 0.795 0.803 
F(i,j), hartree      0.146 0.145 0.139 0.135 
E(2), kcal/mol      33.3 32.7 30.3 28.1 
Donor  ̶   acceptor   LP1 (O3)  ̶  *BD C(1)-C(2) 
LP1 (O3) Donor energy, 
εi, hartree   
 
  
-0.937 -0.934 -0.926 -0.920 
εj − εi, hartree      1.243 1.248 1.237 1.240 
F(i,j), hartree      0.088 0.088 0.088 0.089 
E(2), kcal/mol      7.3 7.3 7.3 7.4 
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Table 5. Correlation of the activation energy in the Model #3, Proton Relay by Intermittent Water, 
with the sum of energies of C1-C2 bond (Donor) delocalization into beta carbonyl (Acceptor) 
calculated by formula (1)  from the second order perturbation theory analysis of Fock matrix in the 
NBO basis at the MP4SDTQ//MP2 level of theory. 
Structure 28c 28b 28a 28d 
Electronic energy of activation, kcal/mol 24.0 22.4 25.8 25.8 
BD C(1)-C(2) Donor energy εi, hartree -0.696 -0.695 -0.674 -0.666 
Donor orbital occupancy 1.897 1.895 1.886 1.881 
Donor – Acceptor BD C(1)-C(2)   ̶   *BD2 C(7)-O(8)  
*BD2 C(7)-O(8) Acceptor energy, εi, hartree 0.123 0.128 0.149 0.227 
εj − εi, hartree 0.820 0.822 0.824 0.893 
F(i,j), hartree 0.135 0.139 0.129 0.122 
E(2), kcal/mol 26.7 28.6 24.6 20.6 
Donor – Acceptor BD C(1)-C(2)   ̶   *BD1 C(7)-O(8)  
*BD1 C(7)-O(8) Acceptor energy, εi, hartree 0.696 0.706 0.687 0.616 
εj − εi, hartree 1.392 1.400 1.361 1.283 
F(i,j), hartree 0.04 0.039 0.042 0.071 
E(2), kcal/mol 1.39 1.30 1.59 4.81 
Sum of delocalization energies, E(2), for Donor 
orbital BD C(1)-C(2), kcal/mol 
28.1 29.9 26.2 25.4 
 
 
Table 6. First-order rate constants, s-1, calculated for the intermediate complexes on surface for elementary steps of the catalytic 
cycles in Schemes 2 and 3 for paths “a”-“d”, and the overall rate constant, calculated by equations (4a) and (5). 
 
Temp, 
°C (K) 
423 (696) 327 (600) 279 (552) 
  
Rate Constant 
path "c" path "b" path "a" path "d" path "c" path "b" path "a" path "d" path "c" path "b" path "a" path "d" 
Enolization, 
Scheme 2 
k1* 8.0E+05 1.5E+05 1.0E+06 1.7E+06 9.2E+04 1.2E+04 1.4E+05 2.1E+05 2.3E+04 2.5E+03 4.2E+04 5.3E+04 
k-1* 2.5E+11 4.9E+10 9.3E+10 7.2E+09 1.8E+11 2.3E+10 5.2E+10 3.0E+09 1.5E+11 1.4E+10 3.6E+10 1.7E+09 
K1* 3.2E-06 3.1E-06 1.1E-05 2.4E-04 5.1E-07 5.3E-07 2.8E-06 6.9E-05 1.6E-07 1.7E-07 1.2E-06 3.1E-05 
Condensation 
on surface, 
Scheme 2 
k2* 2.8E+06 3.5E+05 1.7E+05 3.9E+02 4.4E+05 3.8E+04 1.4E+04 1.9E+01 1.4E+05 9.4E+03 2.9E+03 2.8E+00 
k-2* 1.4E+10 4.5E+10 1.1E+12 5.4E+10 4.5E+09 1.9E+10 4.7E+11 2.4E+10 2.2E+09 1.1E+10 2.7E+11 1.5E+10 
K2* 2.0E-04 7.8E-06 1.5E-07 7.2E-09 9.8E-05 2.0E-06 3.0E-08 7.8E-10 6.1E-05 8.4E-07 1.1E-08 1.9E-10 
Dehydration, 
Scheme 2 
k3 5.6E+10 6.0E+10 1.5E+11 1.8E+10 2.1E+10 2.1E+10 5.9E+10 7.1E+09 1.1E+10 1.1E+10 3.2E+10 3.9E+09 
k-3 2.3E+07 1.2E+08 3.5E+06 2.8E+07 9.1E+06 5.2E+07 1.1E+06 9.8E+06 5.1E+06 3.1E+07 5.1E+05 5.0E+06 
K3 2.5E+03 5.2E+02 4.4E+04 6.3E+02 2.3E+03 4.1E+02 5.5E+04 7.2E+02 2.2E+03 3.5E+02 6.4E+04 7.9E+02 
Decarboxylation, 
Scheme 2 
k4 1.9E+08 3.8E+07 8.4E+06 4.0E+02 2.6E+07 4.8E+06 9.5E+05 5.6E+00 7.4E+06 1.3E+06 2.4E+05 3.8E-01 
k-4 8.2E+12 6.1E+13 2.6E+11 5.8E+10 1.8E+13 1.6E+14 4.3E+11 2.9E+10 2.9E+13 2.9E+14 6.0E+11 1.9E+10 
K4 2.4E-05 6.3E-07 3.2E-05 6.8E-09 1.5E-06 3.0E-08 2.2E-06 1.9E-10 2.6E-07 4.4E-09 4.0E-07 2.0E-11 
Enolization, 
Scheme 3 
k1* 5.1E+03 5.3E+03 8.3E+02 1.1E+04 2.5E+02 2.7E+02 3.6E+01 4.8E+02 3.7E+01 4.0E+01 4.8E+00 6.5E+01 
k-1* 1.6E+10 8.4E+08 7.9E+08 9.8E+08 3.4E+09 1.8E+08 1.3E+08 1.6E+08 1.3E+09 7.1E+07 4.1E+07 4.9E+07 
K1* 3.2E-07 6.4E-06 1.1E-06 1.1E-05 7.5E-08 1.5E-06 2.7E-07 3.1E-06 3.0E-08 5.7E-07 1.2E-07 1.3E-06 
Condensation 
on surface, 
Scheme 3  
k2* 2.2E+06 1.2E+05 5.9E+07 2.8E+03 2.4E+05 1.3E+04 1.1E+07 2.5E+02 5.7E+04 3.1E+03 4.0E+06 5.4E+01 
k-2* 9.5E+07 3.0E+07 5.1E+10 2.5E+09 1.8E+07 5.4E+06 1.7E+10 8.4E+08 6.1E+06 6.1E+06 8.9E+09 4.2E+08 
K2* 2.4E-02 4.0E-03 1.2E-03 1.1E-06 1.3E-02 2.4E-03 6.5E-04 3.0E-07 9.3E-03 5.0E-04 4.5E-04 1.3E-07 
Hydration,  
Scheme 3  
k4* 9.7E+06 5.3E+06 1.8E+05 4.7E+05 2.1E+06 1.1E+06 2.2E+04 5.6E+04 7.9E+05 4.3E+05 5.8E+03 1.5E+04 
k-4* 1.4E+13 4.5E+11 9.8E+12 2.4E+13 1.3E+13 4.0E+11 9.9E+12 2.3E+13 1.3E+13 3.8E+11 1.0E+13 2.3E+13 
K4* 7.0E-07 1.2E-05 1.8E-08 1.9E-08 1.6E-07 2.8E-06 2.2E-09 2.4E-09 6.2E-08 1.1E-06 5.8E-10 6.5E-10 
Hydro carbonate k5* 5.6E+06 1.4E+08 2.3E+10 4.8E+08 1.1E+06 3.5E+07 1.2E+10 1.1E+08 4.0E+05 1.4E+07 8.1E+09 4.6E+07 
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Departure, 
Scheme 3 
k-5* 4.0E+03 1.9E+05 1.4E+05 6.4E+03 2.5E+02 2.6E+04 2.5E+04 4.1E+02 4.4E+01 7.2E+03 8.3E+03 7.3E+01 
K5* 1.4E+03 7.5E+02 1.6E+05 7.6E+04 4.4E+03 1.4E+03 4.9E+05 2.8E+05 9.2E+03 2.0E+03 9.7E+05 6.3E+05 
Overall rate constant, 
equation (4a) 
7.0E+00 2.7E-01 1.6E-01 4.3E-07 1.7E-01 1.8E-03 2.2E-03 2.2E-10 1.6E-02 6.1E-05 1.3E-04 1.7E-12 
Overall rate constant, 
equation (5) 
4.9E+00 6.1E-02 1.1E-02 4.9E-04 1.0E-01 4.7E-04 9.8E-05 2.2E-06 8.9E-03 2.1E-05 4.7E-06 6.8E-08 
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Fig. 1. Side and top view of the supercell constructed of 16 zirconium and 32 oxygen atoms for 
the (111 ) surface of monoclinic zirconia showing enolization and condensation steps of the 
catalytic cycle for Scheme 1 a) path “a”, enolized isobutyrate as the nucleophile, acetic acid as 
the electrophile, b) path “b”, enolized acetate as the nucleophile, isobutyric acid as the 
electrophile, c) path “c”, enolized acetate as the nucleophile, acetic acid as the electrophile, and 
d) path “d”, enolized isobutyrate as the nucleophile, isobutyric acid as the electrophile, and for 
Scheme 2 e) path “a”, f) path “b”, g) path “c”, h) path “d”. Distances in Å. 
 
Fig. 2. Side and top view of the supercell constructed of 16 zirconium and 32 oxygen atoms for (
111 ) surface of monoclinic zirconia showing dehydration to beta keto acid, its decarboxylation 
to ketone tautomer, and CO2 replacement on surface by a) isobutyric acid, path “a” to methyl 
isopropyl ketone, b) acetic acid, path “b” to methyl isopropyl ketone, c) acetic acid, path “c” to 
dimethyl ketone, and d) isobutyric acid, path “d” to diisopropyl ketone. Distances in Å. 
 
Fig. 3. Energy profiles for the cross-ketonization mechanistic paths “a-d” of the catalytic cycle 
on Scheme 2, a), b) and Scheme 3, c), d), with electronic a), c), and Free energy b), d), at 327 °C 
(600 K) temperature shown relative to the energy of empty surface with two acid molecules in 
the gas phase. 
 
Fig. 4. Structures and selected geometry parameters for the Model #1, concerted gas phase 
decarboxylation of beta-keto acids corresponded to paths “a-d”. Distances in Å and angles in 
deg. 
 
Fig. 5. Structures and selected geometry parameters for the Model #2, trimethylamine 
catalyzed gas phase decarboxylation of beta-keto acids corresponded to paths “a-d”. Distances 
in Å and angles in deg. 
 
Fig. 6. Structures and selected geometry parameters for the Model #3, Proton Relay by 
Intermittent Water in the gas phase decarboxylation of beta-keto acids corresponded to paths 
“a-d”. Distances in Å and angles in deg. 
 
Fig. 7. NBO contour diagrams showing hyper conjugative interaction of lone pairs on carboxylic 
oxygen atoms as donors with the sigma antibonding orbital of the breaking C-C bond as the 
acceptor a) for the reactant 24c, and b) for the respective TS 25c. 
 
Fig. 8. Correlation of the activation energy of beta keto acids decarboxylation reaction with a) 
the energy of delocalization of lone pairs on carboxyl oxygen atoms (Donor) into * C1-C2 anti 
bonding orbital (Acceptor) in reagents 24a-d and in TS 25a-d of the Concerted Model #1, b) the 
sum of delocalization energies of  C1-C2 bond (Donor) into * and * anti bonding orbitals of 
the beta carbonyl group (Acceptor) and with the C1-C2 bond distance in TS 28a-d of the Proton 
Relay by Intermittent Water Model #3. 
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Fig. 9. Structures and selected geometry parameters for the Model #4 gas phase elimination of 
carbonic acid from hydrated beta-keto acids corresponded to paths “a-d”. Distances in Å and 
angles in deg. 
Fig. 10. Structures and selected geometry parameters for the Model #5 gas phase elimination of 
hydro carbonate from hydrated beta-keto carboxylate corresponded to paths “a-d”. Distances 
in Å and angles in deg. 
 
Fig. 11. Side and top view of the supercell constructed of 16 zirconium and 32 oxygen atoms for 
(111 ) surface of monoclinic zirconia showing hydration of carboxyl group by step 4*, and 
elimination of hydro carbonate by step 5* for a) path “a” to methyl isopropyl ketone, b) path 
“b” to methyl isopropyl ketone, c) path “c” to dimethyl ketone, and d) path “d” to diisopropyl 
ketone. Distances in Å. 
 
 
a) 
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b) 
c) 
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d) 
 
e) 
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f) 
 
g) 
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h) 
 
Fig. 1. Side and top view of the supercell constructed of 16 zirconium and 32 oxygen atoms for 
the (111 ) surface of monoclinic zirconia showing enolization and condensation steps of the 
catalytic cycle for Scheme 1 a) path “a”, enolized isobutyrate as the nucleophile, acetic acid as 
the electrophile, b) path “b”, enolized acetate as the nucleophile, isobutyric acid as the 
electrophile, c) path “c”, enolized acetate as the nucleophile, acetic acid as the electrophile, and 
d) path “d”, enolized isobutyrate as the nucleophile, isobutyric acid as the electrophile, and for 
Scheme 2 e) path “a”, f) path “b”, g) path “c”, h) path “d”. Distances in Å. 
 
a) 
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b) 
 
c) 
d) 
Fig. 2. Side and top view of the supercell constructed of 16 zirconium and 32 oxygen atoms for (
111 ) surface of monoclinic zirconia showing dehydration to beta keto acid, its decarboxylation 
to ketone tautomer, and CO2 replacement on surface by a) isobutyric acid, path “a” to methyl 
isopropyl ketone, b) acetic acid, path “b” to methyl isopropyl ketone, c) acetic acid, path “c” to 
dimethyl ketone, and d) isobutyric acid, path “d” to diisopropyl ketone. Distances in Å. 
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a) 
b) 
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c) 
d) 
Fig. 3. Energy profiles for the cross-ketonization mechanistic paths “a-d” of the catalytic cycle 
on Scheme 2, a), b) and Scheme 3, c), d), with electronic a), c), and Free energy b), d), at 327 °C 
(600 K) temperature shown relative to the energy of empty surface with two acid molecules in 
the gas phase. 
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Fig. 4. Structures and selected geometry parameters for the Model #1, concerted gas phase 
decarboxylation of beta-keto acids corresponded to paths “a-d”. Distances in Å and angles in 
deg. 
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Fig. 5. Structures and selected geometry parameters for the Model #2, trimethylamine 
catalyzed gas phase decarboxylation of beta-keto acids corresponded to paths “a-d”. Distances 
in Å and angles in deg. 
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Fig. 6. Structures and selected geometry parameters for the Model #3, Proton Relay by 
Intermittent Water in the gas phase decarboxylation of beta-keto acids corresponded to paths 
“a-d”. Distances in Å and angles in deg. 
a) b) 
Fig. 7. NBO contour diagrams showing hyper conjugative interaction of lone pairs on carboxylic 
oxygen atoms as donors with the sigma antibonding orbital of the breaking C-C bond as the 
acceptor a) for the reactant 24c, and b) for the respective TS 25c. 
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a) 
b) 
Fig. 8. Correlation of the activation energy of beta keto acids decarboxylation reaction with a) 
the energy of delocalization of lone pairs on carboxyl oxygen atoms (Donor) into * C1-C2 anti 
bonding orbital (Acceptor) in reagents 24a-d and in TS 25a-d of the Concerted Model #1, b) the 
sum of delocalization energies of  C1-C2 bond (Donor) into * and * anti bonding orbitals of 
the beta carbonyl group (Acceptor) and with the C1-C2 bond distance in TS 28a-d of the Proton 
Relay by Intermittent Water Model #3. 
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Fig. 9. Structures and selected geometry parameters for the Model #4 gas phase elimination of 
carbonic acid from hydrated beta-keto acids corresponded to paths “a-d”. Distances in Å and 
angles in deg. 
 
 
Fig. 10. Structures and selected geometry parameters for the Model #5 gas phase elimination of 
hydro carbonate from hydrated beta-keto carboxylate corresponded to paths “a-d”. Distances 
in Å and angles in deg. 
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a) 
b) 
c) 
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d) 
Fig. 11. Side and top view of the supercell constructed of 16 zirconium and 32 oxygen atoms for 
(111 ) surface of monoclinic zirconia showing hydration of carboxyl group by step 4*, and 
elimination of hydro carbonate by step 5* for a) path “a” to methyl isopropyl ketone, b) path 
“b” to methyl isopropyl ketone, c) path “c” to dimethyl ketone, and d) path “d” to diisopropyl 
ketone. Distances in Å. 
 
  
 66  
Ab initio study of the mechanism of carboxylic acids cross-ketonization on 
monoclinic zirconia via condensation to beta-keto acids followed by 
decarboxylation 
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Extended Abstract 
The mechanism for the catalytic conversion of carboxylic acids into ketones by decarboxylative 
ketonization reaction has been extensively modeled on the (111 ) surface of monoclinic zirconia 
catalyst by Density Functional Theory (DFT) for periodic structures. The catalytic cycle starts with 
the dissociative adsorption of carboxylic acids on zirconia surface and the formation of a surface 
carboxylate in the bidentate bridged mode followed by its enolization which activates the enolic 
component. Based on the calculated energy profile it is proposed that the enolization step is 
reversible and controlled by a thermodynamic equilibrium that favors the starting carboxylate by 
10-15 kcal/mol. The barrier for the reverse reaction, protonation of the sp2-hybridized alpha 
carbon by external water or acids can be extremely low, on the order of a few kcal/mol, 
depending on the proton source. Therefore, protonation of the enolized species is sensitive to 
the presence of any proton sources, such as water or an excess of carboxylic acids on the surface 
and in the gas phase. The most efficient enolization is the one in which the proton abstracted 
from the alpha carbon by a lattice oxygen atom can be moved away and stabilized. Such an 
opportunity for the stabilization of the abstracted proton through hydrogen bonding exists on 
the (111) surface, but it has not been found on the ( 111 ) surface of monoclinic zirconia. A low 
concentration of the enolized species, controlled by thermodynamic equilibrium, limits the chain 
of subsequent steps and it may be the most important factor that differentiates the catalytic 
activity of different surfaces on all other metal oxides. 
The condensation step may utilize the carbonyl component represented by an acid or a 
carboxylate adsorbed close to the enolic component on the surface at low coverages. A less likely, 
nevertheless possible option for the condensation emerges at higher coverages, closer to surface 
saturation and above it. At such conditions, the best option for the carbonyl component is a 
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carboxylic acid weekly adsorbed on top of the enolized component in a shallow energy minimum 
having the carboxylic acid proton trapped by hydrogen bonding. Isolation of the carboxylic proton 
is the critical condition for the condensation step because an acidic proton is a more reactive 
electrophilic center in carboxylic acids compared to the carboxylic carbon. The condensation step 
may materialize with the highest probability when the alpha carbon of the enolized carboxylate 
is approaching the carboxyl group in a bending motion while the carboxylic proton remains 
stabilized by hydrogen bonding. Alternative condensation of a carboxylic acid approaching the 
enolic component on the surface directly from the gas phase is calculated to have almost no 
barrier, 1.3 kcal/mol. However, such an option is less feasible because a C-C bond formation could 
not compete with the facile protonation of the enolized carboxylate by the carboxylic proton. 
The condensation step of the catalytic cycle creates an intermediate having a beta-keto group in 
the hydrated form for which a dehydration step is necessary. The step forward, dehydration, and 
the reverse step, re-hydration, are connected by an equilibrium with low values for the energy 
barriers. This equilibrium is sensitive to the presence of water, which affect the progress of the 
overall catalytic reaction in multiple ways. 
Two options have been identified for the decarboxylation on surfaces. The first one is for less 
branched beta-keto carboxylates bound to surface Zr atoms by all three oxygen atoms to 
generate ketone enolate product and CO2 bound by one oxygen atom to a surface Zr atom. A 
likely option for highly branched beta-keto carboxylates, such as derived from isobutyric acid, 
consists in the hydration of the carboxylate and departure of the hydro carbonate, HCO3⁻, instead 
of CO2, similar to the decarboxylation catalysis by enzymes. 
For several decarboxylation models in the gas phase, activation of the beta-keto group by proton 
addition was found beneficial, while a metal atom also can be used as an electrophile for the 
beta-keto group activation on surfaces. The effect of alkyl substituents in the alpha and/or 
gamma positions of acetoacetic acid on decarboxylation in the gas phase has been studied at the 
MP4SDTQ(Full)/6-311++G(d,p)//MP2(Full)/6-311++G(d,p) level of theory. It has been found that 
activation energies depend on the intramolecular hyper conjugative donor-acceptor interactions 
between oxygen lone pairs of the carbonyl and carboxyl groups with sigma bonding and 
antibonding orbitals of the breaking C-C bond. These interactions, varied with the degree and the 
position of alkyl substitution, are pumping electron density in and out of the C-C bond making it 
stronger or weaker and, therefore, less or more susceptible to decarboxylation. 
The experimental order of the rates of formation for all four possible ketone products in the 
cross-ketonization of two carboxylic acids, acetic and isobutyric, correlates with the ranking of 
rate constants obtained in computational modeling for the condensation step between two 
surface species and also for the first option of the decarboxylation step on a surface, i.e. the one 
which does not require carboxylate hydration. Therefore, the selectivity of the cross ketonization 
reactions is most likely controlled by the condensation and, to some extent, by the 
decarboxylation step. 
None of the steps of the reaction mechanism require metal atoms on metal oxide surfaces to 
change their oxidation state. The requirement of the metal oxide being reducible / oxidizable to 
catalyze decarboxylative ketonization reaction is not supported by this study and it is 
unnecessary. 
Adsorption of acids and enolization of surface carboxylates 
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(Structures S1 (Fig. S1a) and S4, (Fig. S1b). It should be noted that the process of enolization 
described in the article is greatly simplified. In reality, protonation of the enolized carboxylates 
by numerous proton sources may change the enolization equilibrium and change the overall rate 
of the catalytic reaction. 
a) b) 
Fig. S1. The electronic energy profile and a side view of the starting structures S1 and S4, TS S2 
and S5, and products S3 and S6 for the protonation of the enolized acetate on the (111 ) 
surface of monoclinic zirconia by a) acetic acid adsorbed on top of the enolized acetate, b) 
molecule of water adsorbed on vacant Zr site. Distances in Å. 
 
As a general rule, we have found that when a neutral molecule donates a proton and converts 
itself into an anion, it must find a place for binding to stabilize its energy. Otherwise, creation of 
charged species in the gas phase always has a large energy penalty added to the energy of that 
elementary step and to its activation energy. Therefore, protonation of surface enolates by 
molecules coming directly from the gas phase is restricted to special cases. Thus, protonation by 
acetic acid (Structure S1, Fig. S1a) may occur when its carboxylic CO2H group donates proton 
while the carbonyl oxygen is simultaneously picking up another proton from the surface to 
compensate for the developing negative charge. Despite a very low electronic energy of 
activation found for this protonation, only 3.3 kcal/mol, it might have a low probability because 
of the need for a special arrangement of reactants and a large negative entropy change 
associated with it. A similar protonation by water would require two molecules of water being 
assembled in a cluster through hydrogen bonding and going kinetically slow, as well. The lowest 
DFT activation energy found for the protonation by water dimer attached to the zirconium 
surface atom is 9.0 kcal/mol. Again, this special arrangement of carboxylates and water 
molecules is disfavored at high temperatures due to the negative entropy change. 
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A straightforward protonation, with a more accessible geometry, can be attained through 
adsorption of a water molecule on the vacant Zr site next to the acetate enolate, with a proton 
from water easily reaching the sp2-hybridized alpha carbon (Structure S4, Fig. S1b). The electronic 
energy of activation in this case is extremely low, 1.9 kcal/mol, and responsible for a fast 
protonation of the enolized carboxylate.  
Decarboxylation of beta-keto acids in the gas phase 
Model #1 of the gas phase decarboxylation arranges alkyl substituted beta-ketoacids by their 
electronic energies of activation in the order that is opposite to the experimentally observed 
rates of ketones formation by paths “a”-“d”. The validity of the concerted decarboxylation 
described by model # 1 is questioned in the literature. There is, however, a strong correlation 
between the electronic energy of activation and the electronic structure of the beta-ketoacids 
influenced by alkyl substituents as discussed in the main text, section 3.3.2. Additionally, 
correlation between geometry parameters and the activation energy is presented below in Fig. 
S2, and in Table S1. 
An interesting observation is that the amount of products 23a-d expected under assumption 
of their equilibrium with the keto acids 21a-d and calculated from the electronic energy of 
reaction matches the order of selectivity of ketones formation in cross ketonization of acetic and 
isobutyric acids with zirconia catalyst by paths “c” > “b” > “a” > “d”. This trend found for the gas 
phase, of course, is not sufficient to draw any valid conclusion for a possible thermodynamic 
control of decarboxylation on surfaces, but it may not be just coincidental. 
Calculated activation energies at the MP4SDTQ level for the concerted Model #1 are in a 
linear Evans-Polanyi relation with the electronic energies of reaction. The geometry of TS 
structures is a classic illustration of the Hammond’s postulate. The activation energy is in a 
perfect linear relation with the magnitude of the carboxyl group O-C-O angle change, the percent 
change of the C-C stretching bond distance, and the percent of an s-character on the carboxyl 
carbon of the C-C stretching bond between reactants 21a-d and TS 23a-d. Thus, breaking the C-
C bond and changing geometry and hybridization of the carboxyl group from an early TS to a less 
early one is parallel with the order of increasing the heat of this endothermic reaction and 
decreasing activation energies, “c” > “b” > “a” > “d” (Table S1 and Fig. S2). The above energies 
 70  
do not correlate well with the extent of the proton transfer (Table S1), possibly, because it is a 
less energy-demanding part of the decarboxylation. 
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Fig. S2. Correlation between electronic energy of activation with the structure parameters 
marked by entry numbers taken from Table S1 for the TS of decarboxylation model #1. 
 
  
Entry 
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Table S1. Correlation between electronic energy of activation with geometry and electronic 
structure parameters for the TS of decarboxylation model #1. 
R2
path "c" path "b" path "a" path "d" path "c" path "b" path "a" path "d"
1 Electronic energy of activation, kcal/mol
 
25.9 25.4 24.9 23.5 with entry 1
2 Electronic energy of reaction, kcal/mol
 
-2.3 -1.8 -0.4 1.7 Yes 98.3%
3
Electronic energy of enol and CO2 
formation as separated products, kcal/mol
2.1 2.6 4.9 4.6 No 59.6%
4 % S character on C2 21.94 22.21 22.85 23.44 Yes 94.5%
5
Sum of the lone pairs on carboxyl group 
oxygen atoms donations to C-C sigma 
antibonding orbital, kcal/mol
40.59 39.94 37.55 35.57 Yes 93.6%
6 Carboxyl group angle O4-C2-O3 122.55 122.4 122.2 122.1 140.4 140.1 139.5 139.0 90.7%
7 Carboxyl group angle change, ° 17.9 17.7 17.3 16.9 Yes 95.2%
8 % change angle 29.8% 29.5% 28.8% 28.1% Yes
9 Reaction coordinate for angle change 31.1% 30.7% 29.9% 29.1% 93.6%
10 C1-C2 bond length, Å 1.53 1.529 1.562 1.561 1.822 1.816 1.84 1.833 No 31.8%
11 C1-C2 Bond length change 0.292 0.287 0.278 0.272 Yes 94.2%
12 % Bond length change 19.1% 18.8% 17.8% 17.4% 84.2%
13 Carbonyl O - H bond length, Å 1.792 1.83 1.639 1.605 1.062 1.061 1.065 1.069 89.9%
14 H - O (Carboxyl ) bond length, Å 0.978 0.977 1.007 1.01 1.42 1.425 1.413 1.403 82.9%
beta-ketoacid reagent Transition state Corre
lation
 
 
Decarboxylation on surface 
Decarboxylation in the gas phase is accelerated when preceded by a protonation of the 
carbonyl group. Likewise, decarboxylation on the surface also could benefit from the protonation 
of the carbonyl group. The source of the proton could be a protonated weak base, such as the 
lattice oxygen in Fig. S3, or it could be proton coming from the free carboxylic group when it is 
not anchored to the surface (Fig. S4). 
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Fig. S3. Molecular structures and the electronic energy profile for the decarboxylation route via 
protonation of the carbonyl group with the proton coming from the 3-fc lattice oxygen (green 
dash line with crosses). The energy profiles for the decarboxylation according to the Scheme 2 
(solid blue line with diamonds) and Scheme 3 (solid red line with circles) are shown in 
comparison. Distances in Å. 
 
It was found that, regardless of the source of the proton on surface, protonation for all tested 
options takes place before reaching TS, which looks in all cases very similar to the gas phase 
decarboxylation model #2. Activation energies for acetone enol and CO2 formation, path “c”, 
were found in a narrow range from 27 to 29 kcal/mol being essentially independent of the proton 
source. Another common detail is that one of the carboxylic oxygen atoms is lifting off the surface 
before each TS is formed (Fig. S3 and S4). This happens because the most preferred mode of CO2 
adsorption on zirconia is a linear arrangement through binding to a surface Zr atom by only one 
of the oxygen atoms. The common starting point for all decarboxylation routes is the beta-keto 
carboxylate adsorbed in the bridged mode, structure 8c, occupying three surface Zr atoms, two 
by the carboxylate and one by the carbonyl group, therefore, possessing the lowest energy. As 
two of the surface Zr atoms become vacant in structure S7, the total energy is increasing by the 
increment related to such partial desorption. This portion has to be added to the activation 
energy and to the energy of the reaction, which converts S7 to S9. The electronic energy profile 
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for the decarboxylation route through carbonyl group protonation is elevated (Fig. S3) and it is 
not competitive against the other two options described by Scheme 2 and Scheme 3. The latter 
two are selected as the most probable decarboxylation routes for frequency calculations to find 
reaction rate constants. 
It was also found that for the decarboxylation model shown in Fig. S4, when the proton is 
supplied to the carbonyl group by moving it from the carboxyl group, the electronic energy of 
activation is not significantly different. However, the energy level of the reactant S10 (Fig. S4) is 
higher than that of the reactant S7 (Fig. S3) by the portion of energy required to unbind the 
carbonyl group. Overall, this makes decarboxylation on Fig. S4 even less preferred relative to that 
on Fig. S3. 
 
Fig. S4. Decarboxylation on surface when the carbonyl group is not bound to the surface 
zirconium metal atom.  
Decarboxylation of structures like S7 without protonation is far less likely based on the results 
of the gas phase modeling and not pursued because it leads to the formation of a negatively 
charged ketone enolate in the gas phase with a significant increase of the total energy. 
 
Derivation of equations (2)-(5) 
 
If the step 2, condensation, is the RDS for the mechanism described by the series of steps 
on Scheme 2: 
𝟏    
 𝑘1   
→   
 𝑘−1
←     𝟑   
 
 𝑘2   
→   
 𝑘−2
←     𝟓   
 
 𝑘3   
→   
 𝑘−3
←    
  𝟖   
 𝑘4    
→    
 
  𝟏𝟎    (S1) 
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then, the steady state approximation applied for the concentration of 3, i.e. the species 
preceding the RDS, provides equation (S2): 
−𝑑[𝟑]
𝑑𝑡
= −𝑘1 × [𝟏] − 𝑘−2 × [𝟓]  + 𝑘−1 × [𝟑] + 𝑘2 × [𝟑] = 0   (S2) 
Assuming that 𝑘1 × [ 1] ≫  𝑘−2 × [𝟓]  because concentration of 1 is largely exceeding that of 5, 
then [𝟑] =  
𝑘1×[ 𝟏]+ 𝑘−2×[𝟓]
𝑘2+ 𝑘−1
~ 
𝑘1×[ 𝟏]
𝑘2+ 𝑘−1
  and the overall rate of the reaction can be approximated 
by the Equation (S3): 
𝑟 =  𝑘2 [𝟑] =  
𝑘2𝑘1×[ 𝟏]
𝑘2+ 𝑘−1
        (S3) 
Equation (S3) matches Equation (2). 
If the decarboxylation step 4 in (S1) is the RDS, the steady state approximation for the 
concentration of 8, provides equation (S4): 
−𝑑[𝟖]
𝑑𝑡
= −𝑘3 × [𝟓] − 𝑘−4 × [𝟏𝟎]  + 𝑘−3 × [𝟖] + 𝑘4 × [𝟖] = 0   (S4) 
in which the reverse decarboxylation step can be ignored, i.e. 𝑘−4 × [𝟏𝟎] term is small, and the 
concentration of 8 can be expressed as 
[𝟖] =
𝑘3 × [ 𝟓]
𝑘4 + 𝑘−3
=  
𝑘1𝑘2𝑘3 × [ 𝟏]
𝑘−1𝑘−2(𝑘4 + 𝑘−3)
 
The overall rate in this case is  
𝑟 =  𝑘4 × [𝟖]  =  
𝑘1𝑘2𝑘3𝑘4
𝑘−1𝑘−2(𝑘4 + 𝑘−3)
× [ 𝟏] 
             (S5)
Equation (S5) and the global reaction rate constant match equation (3). Derivation of (S5) 
above is based on the next very rough approximations of quasi-equilibrium in steps 1-3: 
 
𝑘1
𝑘−1
= 
[𝟑]
[𝟏]
 ,  
𝑘2
𝑘−2
= 
[𝟓]
[𝟑]
 
𝑘3
𝑘−3
= 
[𝟑]
[𝟏]
 , which might be inaccurate. 
A more accurate general solution without the need to use quasi-equilibrium 
approximations is shown below. It is based only on the steady-state approximations for species 
8 and 3 (equations (S4) and (S2), respectively and for the intermediate 5 in equation (S6): 
−𝑑[𝟓]
𝑑𝑡
= −𝑘2 × [𝟑] − 𝑘−3 × [𝟖]  + 𝑘−2 × [𝟓] + 𝑘3 × [𝟓] = 0   (S6) 
Summation of equations (S4), (S6), and (S2) and dropping out small term 𝑘−4 × [𝟏𝟎] leads 
to equation (S7) 
𝑘4 × [𝟖] + 𝑘−1 × [𝟑] = 𝑘1 × [𝟏]        (S7) 
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which can be written as 
[𝟖] =
𝑘1×[ 𝟏]− 𝑘−1×[ 𝟑]
𝑘4
           (S8) 
Equations (S2) and (S6) can be written as (S9) and (S10), respectively 
[𝟑] =
𝑘1×[ 𝟏]+ 𝑘−2×[ 𝟓]
𝑘2 + 𝑘−1
           (S9) 
[𝟓] =
𝑘2×[𝟑]− 𝑘−3×[𝟖]
𝑘−2+ 𝑘3
           (S10) 
Substitution of [5] in (S9) by that from equation (S10) provides a relationship between [3], 
[1] and [8] 
[𝟑] =
𝑘1×[ 𝟏]+ 𝑘−2×
𝑘2×[𝟑]− 𝑘−3×[𝟖]
𝑘−2 + 𝑘3
𝑘2 + 𝑘−1
          (S11) 
Solving equation (S11) for [3]  
(𝑘−2 + 𝑘3)(𝑘2 + 𝑘−1) × [𝟑] = 𝑘1(𝑘−2 + 𝑘3) × [𝟏] + 𝑘−2 𝑘2 × [𝟑] − 𝑘−2 𝑘−3 × [𝟖] 
{(𝑘−2 + 𝑘3)(𝑘2 + 𝑘−1) − 𝑘−2 𝑘2} × [𝟑] = 𝑘1(𝑘−2 + 𝑘3) × [𝟏] +  𝑘−2 𝑘−3 × [𝟖] 
[𝟑] =
𝑘1(𝑘−2 + 𝑘3)×[𝟏] +  𝑘−2 𝑘−3×[𝟖]
(𝑘−2 + 𝑘3)(𝑘2 + 𝑘−1)−𝑘−2 𝑘2
   
and substituting [3] with that in equation (S8) leads to the direct relationship between [8] 
and [1] variables after the following rearrangements:  
[𝟖] =
𝑘1×[ 𝟏]− 𝑘−1×
𝑘1(𝑘−2 + 𝑘3)×[𝟏] +  𝑘−2 𝑘−3×[𝟖]
(𝑘−2 + 𝑘3)(𝑘2 + 𝑘−1)−𝑘−2 𝑘2
𝑘4
  
𝑘4 × [𝟖] =  𝑘1 × [ 𝟏] − 
𝑘−1𝑘1(𝑘−2 + 𝑘3)×[𝟏] 
(𝑘−2 + 𝑘3)(𝑘2 + 𝑘−1)−𝑘−2 𝑘2
 +  
𝑘−1𝑘−2 𝑘−3×[𝟖] 
(𝑘−2 + 𝑘3)(𝑘2 + 𝑘−1)−𝑘−2 𝑘2
   
𝑘1[ 𝟏] × (1 − 
𝑘−1 
𝑘2 + 𝑘−1 − 
𝑘−2 𝑘2
𝑘−2 + 𝑘3
)
= [𝟖] ×
𝑘4(𝑘−2 + 𝑘3)(𝑘2 + 𝑘−1) − 𝑘4𝑘−2 𝑘2 + 𝑘−1𝑘−2 𝑘−3 
(𝑘−2 + 𝑘3)(𝑘2 + 𝑘−1) − 𝑘−2 𝑘2
 
𝑘1[ 𝟏] × (1 − 
𝑘−1𝑘−2+𝑘−1𝑘3 
𝑘2𝑘3 + 𝑘−1𝑘−2+𝑘−1𝑘3 
) = [𝟖] ×
𝑘4(𝑘−2 +𝑘3)(𝑘2 +𝑘−1)−𝑘4𝑘−2 𝑘2+𝑘−1𝑘−2𝑘−3 
(𝑘−2 +𝑘3)(𝑘2 + 𝑘−1)−𝑘−2 𝑘2
  
[ 𝟏] ×
𝑘1𝑘2𝑘3 
𝑘2𝑘3 + 𝑘−1𝑘−2+𝑘−1𝑘3 
= [𝟖] ×
𝑘4(𝑘−2 +𝑘3)(𝑘2 +𝑘−1)−𝑘4𝑘−2 𝑘2+𝑘−1𝑘−2 𝑘−3 
(𝑘−2 +𝑘3)(𝑘2 + 𝑘−1)−𝑘−2 𝑘2
  
[ 𝟏] ×
𝑘1𝑘2𝑘3 ((𝑘−2 +𝑘3)(𝑘2 + 𝑘−1)−𝑘−2 𝑘2)
𝑘2𝑘3 + 𝑘−1𝑘−2+𝑘−1𝑘3 
= [𝟖] × 𝑘4
((𝑘−2 +𝑘3)(𝑘2 +𝑘−1)−𝑘−2 𝑘2+
𝑘−1𝑘−2 𝑘−3
𝑘4
)
1
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[ 𝟏]×
𝑘1𝑘2𝑘3 ((𝑘−2 +𝑘3)(𝑘2 + 𝑘−1)−𝑘−2 𝑘2)
(𝑘2𝑘3 + 𝑘−1𝑘−2+𝑘−1𝑘3)((𝑘−2 +𝑘3)(𝑘2 +𝑘−1)−𝑘−2 𝑘2+
𝑘−1 𝑘−2 𝑘−3
𝑘4
)
= [𝟖]× 𝑘4  
[ 𝟏]×
𝑘1
𝑘−1
𝑘2
𝑘−2
𝑘3
𝑘−3
(𝑘−2𝑘2 +𝑘−2𝑘−1 +𝑘2𝑘3 − 𝑘2𝑘−2+𝑘−1𝑘3)
(𝑘2𝑘3 + 𝑘−1𝑘−2+𝑘−1𝑘3)(
𝑘−2𝑘2 +𝑘−2𝑘−1 +𝑘2𝑘3 − 𝑘2𝑘−2+𝑘−1𝑘3
𝑘−1𝑘−2𝑘−3
+
1
𝑘4
)
= [𝟖]× 𝑘4  
[ 𝟏]×
𝑘1𝑘2𝑘3 𝑘4
𝑘4(𝑘−2𝑘−1 +𝑘2𝑘3 +𝑘−1𝑘3)+𝑘−1𝑘−2𝑘−3
= [𝟖]× 𝑘4  
Thus, equation (4) is derived. 
𝑟 = 𝑘4 × [𝟖] =  
𝑘1𝑘2𝑘3 𝑘4
𝑘4(𝑘−2𝑘−1 +𝑘2𝑘3 +𝑘−1𝑘3)+𝑘−1𝑘−2𝑘−3
× [ 𝟏]     (4) 
Replacing 𝑘4 with 𝑘4 ∗ in equation (4) provides equation (5) to be used with the Scheme 3, when 
hydration of the beta-keto carboxylate and hydrocarbonate departure replaces the decarboxylation 
step. 
𝑟 = 𝑘4∗ × [𝟖] =  
𝑘1𝑘2𝑘3 𝑘4∗
𝑘4∗(𝑘−2𝑘−1 +𝑘2𝑘3 +𝑘−1𝑘3)+𝑘−1𝑘−2𝑘−3
× [ 𝟏]     (5) 
 
 
The overall rate constants calculated by Equations (2)-(5) are presented in Table S2 and the 
activation energies are presented in Table S3. 
Analysis of the data in Tables S2-S3 shows that equations (2) and (3) provide values approximately 
close to that of the more general equation (4), each being applicable only for the specific RDS, 
equation (2) – for the condensation, and equation (3) for the decarboxylation. Thus, equation (4) 
covers both cases and it is particularly useful when more than one step is kinetically relevant. 
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Table S2. Overall rate constants, s-1, calculated by equations (2)-(5) for paths “a”-“d” at three different temperatures. 
Temp, °C (K) 423 (696) 327 (600) 279 (552) 
Rate Constant path "c" path "b" path "a" path "d" path "c" path "b" path "a" path "d" path "c" path "b" path "a" path "d" 
Equation (4) 
Scheme 2 
7.0E+00 2.7E-01 1.6E-01 4.3E-07 1.7E-01 1.8E-03 2.2E-03 2.2E-10 1.6E-02 6.1E-05 1.3E-04 1.7E-12 
Equation (4) 
Scheme 3 
7.2E-01 7.6E-01 4.4E+01 2.7E-02 1.8E-02 1.9E-02 2.3E+00 6.8E-04 1.7E-03 1.7E-03 3.4E-01 6.4E-05 
Equation (2) 
Scheme 2 
8.9E+00 1.1E+00 1.8E+00 9.2E-02 2.2E-01 2.0E-02 3.9E-02 1.3E-03 2.2E-02 1.6E-03 3.4E-03 8.7E-05 
Equation (2) 
Scheme 3 
7.2E-01 7.6E-01 5.8E+01 3.1E-02 1.8E-02 1.9E-02 2.9E+00 7.6E-04 1.7E-03 1.7E-03 4.3E-01 7.2E-05 
Equation (3) 
Scheme 2 
3.3E+01 3.7E-01 1.7E-01 4.3E-07 7.8E-01 1.9E-03 2.3E-03 2.2E-10 6.6E-02 6.3E-05 1.3E-04 1.7E-12 
Equation (3) 
Scheme 3 
3.9E+02 3.9E+02 1.3E+02 3.1E-06 1.6E+01 6.2E+00 5.0E+00 3.7E-09 1.8E+00 1.2E-01 5.5E-01 5.1E-11 
Equation (5) 
Schemes 2, 3 
4.9E+00 6.1E-02 1.1E-02 4.9E-04 1.0E-01 4.7E-04 9.8E-05 2.2E-06 8.9E-03 2.1E-05 4.7E-06 6.8E-08 
 
Table S3. Activation Energy, kcal/mol, calculated from the temperature dependence of the rate constant in coordinates ln(k), 1/T by 
equations (2)-(5) for paths “a”-“d”. 
 
path "c" 
path 
"b" 
path "a" 
path 
"d" 
Equation (4) Scheme 2 32.1 44.5 37.5 65.8 
Equation (4) Scheme 3 32.1 32.2 25.8 32.1 
Equation (2) Scheme 2 31.9 34.4 33.2 36.9 
Equation (2) Scheme 3 32.1 32.2 26.0 32.2 
Equation (3) Scheme 2 32.9 45.9 37.8 65.8 
Equation (3) Scheme 3 28.2 42.0 29.0 58.4 
Equation (5) Schemes 2, 3 33.5 42.1 41.3 47.1 
 
Test for intermolecular dispersive interactions with long-range functional 
Intermolecular dispersive interactions were proved to be important mostly on metal and in many 
cases on metal oxide surfaces. The use of long-range functionals is becoming increasingly popular. As 
mentioned in the main text, a literature study of the decarboxylative ketonization mechanism on 
monoclinic zirconium oxide has found no significant difference on the energy profile by intermolecular 
dispersive interactions. Nevertheless, on a suggestion of one of the reviewers,  we have performed a 
benchmark test to check any changes on the Free energy profile for the rate limiting step of the two 
cross-ketonization paths, “a” and “b” (Fig. S5a and S5b) by using Tkatchenko-Scheffler (TS) exchange 
correlation functional§. Only minor changes of the rate constants and the energy profile were found 
which proportionally affected both paths. Activation energies are only slightly lowered and frequency 
factors are slightly increased (Table S4). 
a) b) 
Fig. S5. Comparison of the Free energy profile for the enolization and condensation steps by Scheme 2 
for paths, “a” and “b” with and without using (TS) exchange correlation functional. 
 
Table S4. Effect of intermolecular dispersive interactions on the calculated Frequency factor and the 
Activation Energy for the rate limiting step by paths “a” and “b”, Scheme 2. 
(TS) exchange 
correlation functional 
 included not included 
  4a 4b 4a 4b 
Frequency factor A, s-1 3.33E+12 2.24E+12 0.82E+12 0.36E+12 
Ea, kcal/mol 20.8 17.2 21.3 19.2 
 
                                                 
§ Tkatchenko, A.; Scheffler, M. "Accurate Molecular Van Der Waals Interactions from Ground-State Electron Density and 
Free-Atom Reference Data", Phys. Rev. Lett., 102, 073005 (2009). 
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